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ABSTRACT 


The  effect  of  diameter,  yield  strength,  and  stress  range  on 
the  fatigue  strength  of  intermediate  and  high  strength  reinforcing  bars 
was  studied  experimentally.  The  test  program  included  tests  of  hot- 
rolled  deformed  bars  of  ASTM  A  15  (Intermediate),  A  432  and  A  431  steel 
and  bar  sizes  Nos.  5,  8  and  10.  A  total  of  72  reinforced  concrete 
beam  specimens  and  72  rotating  beam  specimens  were  tested  under  repeated 
loads.  Metal lographic  observations  were  also  carried  out. 

The  results  of  tests  suggest  that  there  is  no  significant 
increase  in  fatigue  strength  as  the  tensile  strength  of  the  reinforce¬ 
ment  is  increased.  A  slight  reduction  in  fatigue  strength  was  observed 
as  the  diameter  of  the  bar  was  increased.  The  effect  of  variations  in 
the  stress  range  of  the  stress  cycle  could  be  explained  using  a  Modified 
Goodman  Diagram  with  a  straight  line  envelope. 
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CHAPTER  I 


INTRODUCTION 

In  the  last  two  decades,  high  strength  deformed  bars  have 
largely  replaced  ordinary  round  mild  steel  bars  as  concrete  reinforce¬ 
ment  due  to  their  better  strength,  bond  and  crack  control  characteristics 
and  improved  overall  economy.  These  reinforcing  bars  are  available 
with  a  variety  of  deformation  patterns  and  yield  strengths  ranging  from 
50  to  90  ksi . 

Extensive  laboratory  tests  and  field  experience  have  led  to 
the  conclusion  that  within  certain  crack  and  deflection  limitations  the 
permissible  stresses  of  high  strength  deformed  bars  can  safely  be  in¬ 
creased  over  those  for  ordinary  mild  steel  bars  for  static  loading.  In 
the  case  of  highway  bridges,  crane  runway  girders,  turbine  foundations, 
railway  ties  and  other  structures  which  are  loaded  by  repeated  or  pre¬ 
dominantly  dynamic  loads,  however,  the  allowable  stresses  have  been  in¬ 
creased  more  cautiously  because  of  the  fear  that  these  structures  may 
fail  due  to  fatigue  failure  of  the  high  strength  deformed  reinforcing 
bars . 

In  the  past  few  years  investigators  have  reported  on  the 
fatigue  behavior  of  high  strength  deformed  reinforcing  bars  from  Europe, 
U.S.A.,  Canada  and  Japan.  These  investigations  included  a  variety  of 
deformed  hot  rolled  and  cold  worked  reinforcing  bars.  Such  variables 
as  tensile  strength,  deformation  shape,  and  stress  range  have  been  con¬ 
sidered. 

This  investigation  was  designed  to  study  the  effect  of  bar 
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size,  bar  yield  strength,  and  stress  range  on  the  fatigue  strength  of 
one  kind  of  commercially  available  deformed  reinforcing  bar. 
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The  testing  program  consisted  of  flexural  fatigue  tests  on 
72  reinforced  concrete  beams  containing  ASTM  A  15  -  Intermediate,  A  432, 
and  A  431  reinforcement  of  bar  sizes  Nos.  5,  8  and  10.  The  minimum 
stresses  in  the  cycles  were  set  at  10  and  40  percent  of  the  yield 
stress  in  the  tests  of  No.  8  bars  and  10  percent  of  yield  stress  in 
tests  of  No.  5  and  No.  10  bars.  In  order  to  isolate  the  variables  under 
investigation,  the  beam  size  and  the  concrete  strength  were  kept  approxi¬ 
mately  constant  for  each  diameter  of  bars.  The  beam  dimensions  were 
varied  in  proportion  to  the  bar  diameter  so  that  the  steel  percentage 
was  kept  approximately  equal  for  all  beams.  The  beams  were  tested  under 
repeated  loads  applied  at  500  cpm  at  mid  span  with  tensile  rei nforcement 
stresses  varying  between  predetermined  minimum  and  maximum  stress  levels. 

To  find  the  fatigue  properties  of  the  metal  in  the  bars,  the 
fatigue  strength  at  completely  reversed  bending  stresses  was  found  from 
rotating  beam  tests.  For  these  tests  a  total  of  36  plain  and  36  filleted 
specimens  were  tested.  The  specimens  were  machined  from  No.  8  bars  of 
the  three  grades  of  steel.  This  investigation  was  extended  to  find  the 
variation  in  the  metal  properties  in  the  cross-section  of  the  bar  by 
hardness  tests  and  metal lographic  observations. 

Chapter  II  of  this  report  reviews  the  recent  engineering  liter¬ 
ature  on  the  fatigue  strength  of  steel  and  the  literature  on  the  fatigue 
strength  of  reinforcing  bars.  The  investigation,  specimens,  and  testing 
procedure  are  discussed  in  Chapter  III.  The  test  data  are  presented  in 
Chapter  IV  and  Appendix  A  and  are  discussed  in  Chapter  V.  Chapter  VI 
presents  the  main  conclusions  from  this  investigation. 
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CHAPTER  II 


SURVEY  OF  LITERATURE  DEALING  WITH  THE  FATIGUE 
STRENGTH  OF  STEEL  AND  THE  FATIGUE 
STRENGTH  OF  REINFORCING  BARS 

2 . 1  Introduction  and  Nomenclature 

Structural  elements  and  machine  parts  subjected  to  large 
numbers  of  repeated  loads  will  frequently  fail  due  to  "fatigue".  A 
fatigue  failure  starts  as  a  small  crack  which  spreads  across  the  member 
until  the  remaining  metal  fails  in  a  brittle  manner.  Such  cracks  are 
generally  initiated  at  points  of  high  stress  although  the  stresses  re¬ 
quired  to  cause  a  fatigue  failure  are  generally  much  lower  than  the 
stresses  corresponding  to  a  static  fracture  of  the  same  material. 

The  maximum  stress  which  can  be  repeated  a  prescribed  number 
of  times  without  causing  failure  of  a  machine  element  or  fatigue  specimen 
is  known  as  the  fatigue  strength,  F,  for  the  particular  type  of  stress 
cycle  and  number  of  cycles  under  consideration.  Although  engineering 
parts  are  frequently  subjected  to  a  complex  sequence  of  stress  cycles 
in  service,  fatigue  testing  is  generally  carried  out  under  uniform 
sinusoidal  stress  cycles  or  other  very  simple  loading  cycles. 

Fatigue  tests  can  be  classified  by  the  type  of  stress  that 
is  applied  to  the  specimen.  This  action  may  be  direct  or  axial  stress, 
bending  or  torsion  or  combined  stress.  The  literature  review  in  this 
chapter  will  be  limited  to  direct  and  bending  stresses  in  steels  similar 
to  those  used  in  reinforcing  bars  in  reinforced  concrete  structures. 

The  most  common  test  used  to  find  the  fatigue  strength  is  the 
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rotating  beam  test  in  which  completely  reversed  cycles  of  stress  of 
constant  amplitude  are  applied  to  the  specimen,  until  failure  occurs  or 
until  a  prescribed  number  of  cycles  are  endured.  Standard  shaped  ma¬ 
chined  specimens  are  used  in  this  type  of  test.  When  necessary,  however, 
fatigue  tests  can  be  carried  out  on  structural  elements  or  machine  parts. 
Such  tests  frequently  involve  other  types  of  stress  cycles. 

The  results  of  fatigue  tests  are  plotted  in  the  form  of  an 
S-N  diagram  (FIGURE  2.1).  This  is  a  curve  relating  the  applied  alter¬ 
nating  stress  or  stress  range  and  the  logarithm  of  the  fatigue  life. 

As  can  be  seen  from  the  FIGURE  2.1,  the  fatigue  life  of  the  specimen 
decreases  as  the  applied  stress  increases.  In  most  ferrous  metals,  this 
curve  becomes  horizontal  between  1  and  10  million  cycles.  The  stress 
corresponding  to  the  horizontal  branch  of  the  curve  is  known  as  the 
"Endurance  Limit"  or  "Fatigue  Limit"  of  the  material.  The  stress  cor¬ 
responding  to  a  given  number  of  cycles  is  known  as  the  "fatigue  strength" 
for  that  number  of  cycles. 

This  discussion  will  be  limited  to  factors  affecting  the  en¬ 
durance  limit  and/or  the  fatigue  strength  at  2  to  5  million  cycles  because 
this  is  the  type  of  fatigue  problem  generally  encountered  in  civil  engi¬ 
neering  structures. 

2.2  Factors  Affecting  the  Fatigue  Strength  of  Machined  Steel  Specimens 

2.2.1  Effect  of  Yield  and  Tensile  Strength 

Within  the  range  of  steel  strength  encountered  in  concrete 
reinforcing  bars,  it  is  generally  accepted  that  the  fatigue  limit  of  con¬ 
ventional  fatigue  test  specimens  without  stress  concentration  increases 
roughly  in  proportion  to  the  tensile  strength  as  shown  in  FIGURE  2.2. 
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FIGURE  2.1  S-N  CURVE  FOR  A  FERROUS  METAL 
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FIGURE  2.2  RELATIONSHIP  BETWEEN  THE  ENDURANCE  LIMIT  AND 

ULTIMATE  TENSILE  STRENGTH  OF  VAR IOUS  STEELS 
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However,  there  is  an  abundance  of  experimental  data  on  metal  fatigue 
which  shows  that  the  fatigue  strength  of  specimens  with  stress  concentra¬ 
tions  may  not  increase  in  proportion  to  the  tensile  strength  (FIGURE  2.2). 

In  steels,  the  fatigue  limit  of  un-notched  specimens  is  approxi¬ 
mately  50  percent  of  the  tensile  strength  up  to  tensile  strengths  of 
about  200  ksi  (29).  Data  from  a  survey  of  288  steels  (27)  indicated  an 
average  ratio  of  fatigue  limit  to  ultimate  strength  of  0.456  for  reversal 
of  stress  although  the  minimum  and  maximum  ratios  reported  were  0.23  and 
0.65. 

A  relationship  might  also  be  expected  between  the  fatigue 
strength  and  the  yield  strength,  since  it  is  usually  believed  that  fatigue 
failure  results  from  plastic  deformations.  In  general,  however,  the 
fatigue  limit  seems  to  be  correlated  more  closely  with  tensile  strength 
than  the  yield  strength  in  most  investigations  reported  in  the  literature. 

2.2.2  Effect  of  Size 

Fatigue  tests  on  steel  specimens  suggest  that  the  effect  of 
size  on  the  fatigue  strengths  varies  depending  on  the  type  of  stress 
applied  and  the  presence  or  absence  of  stress  concentrations.  This  is 
shown  in  FIGURE  2.3  (21).  In  plain  specimens  a  stress  gradient  due  to 
flexure  gave  rise  to  a  size  effect  which  was  not  present  in  axially 
loaded  specimens.  When  a  stress  gradient  was  introduced  by  notching  the 
specimens,  a  size  effect  was  also  observed.  It  should  be  noted,  however, 
that  very  little  size  effect  was  noted  for  diameters  greater  than  one-half 
inch.  Most  reinforcing  bars  fall  in  the  latter  range  and  thus  should  not 
be  affected  severely  by  size. 

The  effect  of  size  on  fatigue  strength  has  been  explained  in 
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FIGURE  2.3  THE  EFFECT  OF  SPECIMAN  SIZE  ON  FATIGUE  STRENGTH  OF 

SPECIMENS,  UNDER  DIRECT  STRESS  AND  BEN D 1  NG( AFTER  FORREST! 


FIGURE  2.4  THE  EFFECT  OF  SIZE  ON  FATIGUE  STRENGTH. 
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the  macroscopic  view  in  terms  of  the  "inherent  flaw"  hypothesis  and  by 
hypotheses  dealing  with  the  increase  in  surface  area.  These  two  types 
of  theories  will  be  discussed  in  this  section. 
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The  "inherent  flaw  hypothesis"  suggests  that  if  the  inhomo¬ 
geneities  are  sparsely  but  randomly  distributed  over  the  volume  of  the 
specimen,  and  if  each  such  nucleus  has  its  own  endurance  limit,  no 
failure  will  start  if  the  normal  stress  is  below  the  appropriate  en¬ 
durance  limits.  As  the  volume  of  the  metal  stressed  above  the  localized 
endurance  limits  is  increased,  the  probability  of  having  flaws  in  this 
region  also  will  increase  and  as  a  result  fatigue  strength  will  tend  to 
decrease.  Referring  to  FIGURE  2.4,  if  the  maximum  flexural  stresses  are 
equal  in  the  two  bars,  the  bigger  specimen  has  a  larger  volume  subjected 
to  stress  greater  than  the  endurance  limit.  Therefore  on  the  basis  of 
the  inherent  flaw  hypothesis  it  should  exhibit  poorer  fatigue  strength. 

Currently  there  is  no  agreement  about  the  types  of  flaws  which 
might  be  critical.  Such  things  as  inclusions,  grains  unfavorably  oriented 
and  point  or  line  discontinuities  in  the  latice  have  been  mentioned  in  the 
1 iterature. 

In  1961,  Kuguel  (19)  examined  the  size  and  shape  effect  in 
existing  fatigue  data  in  terms  of  an  analysis  relating  the  fatigue  strength 
and  the  volume  of  the  material  subjected  to  at  least  95  percent  of  the 
maximum  stress.  He  found  a  linear  relationship  between  the  logarithm  of 
the  appropriate  volume  and  the  fatigue  life.  This  approach  was  found 
equally  valid  for  smooth  and  notched  specimens. 

Russian  tests  (26)  suggest  two  explanations  for  the  reduction 
of  fatigue  strength  due  to  an  increase  in  the  absolute  dimensions  of  a 
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specimen.  First,  an  increase  in  absolute  dimensions  increases  the  surface 
area,  which  is  subjected  to  maximum  stress  in  a  bending  or  torsion  test. 
This  increases  the  probability  of  defects  due  to  machining,  blow  holes, 
non-metal  lie  inclusions  and  micro-cracks  occurring  in  the  surface  layer. 
Secondly,  the  machining  of  the  test  specimens  leads  to  considerable 
artificial  strain  hardening  of  surface  layers  and  formation  of  compressive 
stresses  near  the  surface.  This  effect  is  particularly  marked  on  small 
test  pieces,  where  the  surface  layer  may  represent  a  significant  part 
of  the  volume  and  this  could  tend  to  increase  the  endurance  limit  of  such 
specimens . 

2.2.3  Effect  of  Notches 

The  fatigue  strength  of  notched  specimens  depends  in  part  on 
the  size  of  the  specimen,  the  stress  concentration  and  the  notch  sensi¬ 
tivity  of  the  metal.  A  considerable  amount  of  work  has  been  done  on 
the  effects  of  stress  concentrations  on  fatigue  (6,11)  and  the  theo¬ 
retical  stress  concentration  factor  (K^)  for  some  common  shapes  used  in 
service  have  been  analysed  by  the  theory  of  elasticity  and  by  photo¬ 
elasticity.  Recently,  Derecho  and  Munse  (38)  presented  the  curves  re¬ 
produced  in  FIGURE  2.5  for  protruding  "external  notches"  having  the  shape 
shown  in  FIGURE  2.5(a). 

The  notch-sensitivity  of  a  material  relates  the  actual  effect 
of  a  notch  on  the  fatigue  strength  to  the  effect  predicted  using  the 
theoretical  stress  concentration  factor.  The  notch  sensitivity  ' q '  is 
defined  by  Eq.  (2.1 ) . 
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FIGURE  2.5  STRESS  CONCENTRATION  FACTORS  FOR 

PROJECTING  NOTCHES. (DERECHO  AND  MUNSE) 
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where  q  =  notch  sensitivity 

K.p  =  experimental  stress  concentration  factor 

un-notched  fatigue  strength 

notched  fatigue  strength 

=  theoretical  stress  concentration  factor. 

Extensive  literature  is  available  on  factors  influencing  the 
notch  sensitivity  (6,10,11,21).  Among  the  various  factors,  the  most 
important  seem  to  be  metal  tensile  strength,  type  of  notch,  size  of 
component,  stress  gradient  and  type  of  stress  cycle. 

The  notch  sensitivity  of  steel  usually  increases  with  an  in¬ 
crease  in  static  strength  as  shown  by  FIGURE  2.2.  Notch  sensitivity 
factors  are  plotted  in  FIGURE  2.6  as  a  function  of  notch  radius  and 
steel  strength  (10). 

If  other  things  are  kept  constant  the  notch  of  smaller  base 
radius  has  a  higher  theoretical  stress  concentration  factor  (K^)  as 
shown  in  FIGURE  2.5.  At  the  same  time,  however,  the  notch  sensitivity 
of  specimens  with  different  notches  having  the  same  theoretical  stress 
concentration  factor  tends  to  decrease  with  a  decrease  in  the  notch 
radius  (10)  as  shown  in  FIGURE  2.6.  As  a  result  the  damaging  effect  of 
a  sharp  notch  is  not  as  severe  as  indicated  by  the  theoretical  stress 
concentration  factor,  due  to  the  lower  notch  sensitivity. 

The  reduction  of  fatigue  strength  due  to  notches  may  be  ex¬ 
plained  on  the  basis  of  the  "inherent  flaw  hypothesis"  discussed  in 
section  2.1.2.  Referring  to  FIGURE  2.7,  bars  (a)  and  (b)  have  been 
loaded  with  the  same  moment.  In  the  notched  bar  the  maximum  stress  is 
much  higher  and  as  a  result  it  is  more  apt  to  fail  due  to  fatigue.  A 
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FIGURE  2.6  THE  EFFECT  OF  NOTCH  RADI  US  ON  NOTCH 

SENSITIVITY  (AFTER  KUHN  AND  HARDRATH) 
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FIGURE  2.7  THE  EFFECT  OF  A  NOTCH  ON  THE  FLEXUAL  STRESSES 

IN  A  ROTATING  BEAM 
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comparison  of  bars  (a)  and  (c),  which  are  stressed  to  the  same  maximum 
stress  shows  that  in  the  un-notched  bar  the  volume  stressed  over  the 
fatigue  limit  will  be  greater  than  in  the  notched  bar  and  thus,  bar  (c) 
will  be  much  more  apt  to  fail  in  fatigue  than  bar  (a).  As  a  result, 
the  fatigue  strength  reduction  due  to  the  stress  concentration  in  bar 
(a)  will  not  be  as  severe  as  indicated  by  the  theoretical  stress  con¬ 
centrations  . 

2.2.4  Effect  of  Minimum  Stress  and  Stress  Range 

The  fatigue  life  of  a  specimen  can  not  be  defined  by  means  of 
a  single  stress  variable  but  requires  that  two  stress  components  be 
specified.  The  most  commonly  used  pairs  are:  stress  amplitude  and  mean 
stress;  maximum  stress  and  minimum  stress;  and  maximum  stress  and  stress 
ratio. 

The  results  of  fatigue  tests  conducted  using  a  given  minimum 
or  mean  stress  can  be  plotted  in  an  S-N  curve  and  from  this  curve  the 
stress  cycle  corresponding  to  failure  at  a  given  number  of  cycles  can  be 
determined.  From  a  series  of  S-N  curves  for  different  types  of  stress 
cycles  a  relationship  between  the  stress  parameters  in  the  cycle  can 
be  obtained  for  any  given  number  of  cycles.  The  data  from  different 
stress  cycles  can  be  summarized  in  diagrams  similar  to  FIGURE  2.8  or 
2.9.  The  most  widely  used  empirical  relations  are  given  by  Eq.  (2.2) 
and  Eq.  (2.3)  and  are  graphically  illustrated  in  FIGURES  2.8  and  2.9. 

Modified  Goodman  Law:  S^  =  Sa^_^(l  -  sm/fu)  (2.2) 

Gerber's  Law:  Sa  =  Sa(_1}  [1  -  (Sm/fu)2] 


(2.3) 
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fy  =  YIELD  STRENGTH 
fu  =  ULTIMATE  STRENGTH 
S  (-1  )  =  ALTERNATING  FATIGUE  STRENGTH 


GERBER  PARABOLA 
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GOODMAN  LAW 
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MEAN  TENSILE  STRESS  (  Sm  )  — 


FIGURE  2.9 
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AND  THE  MEAN  TENS  ILE  STRESS 
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where  f  =  tensile  strength  of  metal 

S  =  alternating  stress  in  cycle  at  fatigue  strength 
a 

Sa(  1)  =  alternating  stress  at  fatigue  strength  in  complete 
reversal 

S  =  mean  stress  in  cycle 
m 

Smith  (21)  has  shown  that  fatigue  data  for  wide  range  of 
materials  can  be  summarized  on  an  R-M  diagram  as  shown  in  FIGURE  2.10. 

The  experimental  data  tends  to  fall  between  a  straight  line  and  the 
equivalent  of  a  Gerber's  parabola  on  such  a  diagram.  Although  no  well 
established  trend  can  be  claimed,  the  data  for  high  strength  steels  and 
notched  specimens  tends  to  follow  the  Modified  Goodman  line  while  the 
data  for  cold  worked  steels  tended  to  follow  the  Gerber  parabola. 

2.2.5  Effect  of  Changes  in  Stress  Amplitude 

Fatigue  tests  are  usually  carried  out  using  a  cycle  of  constant 
amplitude  for  each  test  piece.  However,  this  seldom  represents  the  load¬ 
ing  conditions  to  which  components  are  subjected  in  service,  where  fluctu¬ 
ating  loads  may  vary  widely  in  amplitude,  often  in  a  random  manner.  This 
situation  in  which  the  stress  amplitude  is  constant  throughout  the  life 
of  a  member  is  more  critical  than  the  more  realistic  case  in  which  the 
maximum  stress  is  attained  in  a  certain  percentage  of  cycles.  Thus,  a 
member  loaded  with  a  constant  stress  amplitude  will  normally  have  a 
shorter  life  for  a  given  maximum  stress. 

The  simplest  method  of  predicting  the  fatigue  life  under  varying 
stresses  from  the  data  of  conventional  fatigue  tests  is  to  apply  Miner's 
Law  (5)  or  linear  damage  law.  In  applying  this  theory  it  is  assumed  that 
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the  application  of  n-j  cycles  at  stress  range  for  which  the  average 
number  of  cycles  to  failure  is  N-j ,  causes  an  amount  of  fatigue  damage 
nl/^-j  and  failure  will  occur  when: 

I(n/N)  =  1  (2.4) 

For  steels,  the  cumulative  cycle  ratio  is  usually  greater 
than  one  when  low  stresses  are  applied  first,  while  it  is  usually  less 
than  one  when  high  stresses  are  applied  first  (21).  The  value  of 
£(n/N)  for  various  types  of  specimens,  mean  stresses  and  sequences  of 
stress  have  been  found  to  vary  from  as  low  as  0.65  to  as  high  as  2.26  (21). 

It  has  been  fairly  well  established  that  the  linear  damage 
law  is  not  accurate  for  high  stress  ratios.  Even  for  zero  mean  stress 
the  value  of  £(n/N)  for  tests  is  consistently  near  or  less  than  one, 
which  indicates  that  unsafe  prediction  will  result  from  Miner's  criterion 
(25).  In  spite  of  these  objections  to  the  validity  of  the  linear  damage 
law,  this  law  has  been  widely  used  for  correlating  test  results,  due  to 
its  simplicity. 

The  test  results  of  several  investigators  (20,21)  conclude  that 
the  fatigue  life  of  members  may  be  reduced  by  large  number  of  stress 
cycles  slightly  in  excess  of  the  fatigue  limit  or  by  a  few  cycles  greatly 
in  excess  of  fatigue  limit.  This  is  referred  to  as  "over-stressing". 

The  fatigue  life  on  the  other  hand,  may  be  raised  by  a  large  number  of 
cycles  slightly  less  than  the  fatigue  limit  and  this  is  referred  to  as 
"under-stressi ng" . 

An  even  greater  increase  in  the  fatigue  limit  can  be  obtained, 
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if  the  stress  range  is  increased  in  small  increments  at  intervals  of 
several  million  cycles.  This  process  is  known  as  "coaxing".  Originally 
it  was  thought  that  the  beneficial  effect  of  under-stressing  was  due  to 
strain-hardening,  but  recent  tests  (29)  have  shown  that  the  fatigue 
strength  can  be  increased  in  those  materials,  whose  strength  can  be  in¬ 
creased  by  strain-aging.  The  fatigue  literature  suggests  that  carbon 
steels  benefit  appreciably  from  under-stressing  (21). 

2.2.6  Effect  of  Frequency  of  Testing 

Most  fatigue  testing  machines  operate  at  a  frequency  between 
200  to  10,000  cycles/min.  In  this  range,  the  fatigue  strength  of  most 
metals  is  affected  very  little  by  testing  frequency.  The  existing  test 
data  indicate  that  there  is  a  slight  decrease  in  the  fatigue  strength  at 
low  frequencies  and  low  number  of  cycles.  In  general,  however,  the  en¬ 
durance  limit  was  not  affected  by  the  testing  frequency  (13,27). 

There  are  two  factors,  which  may  explain  this  behavior.  First, 
the  fatigue  resistance  may  be  related  to  the  amount  of  plastic  defor¬ 
mation  which  can  occur  during  each  cycle  of  stress.  At  high  frequencies 
there  is  less  time  available  during  each  cycle  for  deformation  to  occur, 
so  that  the  resultant  damage  may  be  less.  Second,  the  corrosion  effect 
of  atmosphere  is  known  to  reduce  the  fatigue  strength  of  some  materials 
and  a  bigger  reduction  would  occur  at  low  frequencies. 

2.2.7  Effect  of  Metallurgical  and  Chemical  Composition 

Although  studies  of  the  mechanical  properties  of  metal  tested 
in  fatigue  failed  to  explain  metal  failure,  recent  investigations  into 
the  micro-structure  and  chemical  composition  of  metals  have  led  to  the 
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following  general  conclusions  (20,21,29): 

1.  The  fatigue  limit  and  fatigue  notch  sensitivity  vary  in¬ 
versely  as  grain  size. 

2.  The  ratio  of  the  fatigue  strength  of  the  tensile  strength 

of  steels  is  relatively  insensitive  to  chemical  composition. 

3.  Metals  used  in  engineering  are  likely  to  be  anisotropic, 
therefore  scatter  of  test  results  is  an  inherent  property 
of  these  metals. 

2.2.8  Effect  of  Mill  Scale  and  Decarburization 

Munse  (27)  reports  that  the  fatigue  strength  of  as-rolled  plates 
and  plain  rolled  members  of  structural  steel  have  fatigue  strengths 
proportional  to  the  ultimate  strength  of  the  metal.  For  zero  to  tension 
load,  R  =  0,  he  proposes  the  following  relationship  between  the  tensile 
strength  and  the  fatigue  strength  at  2  million  cycles  for  this  type  of 
member: 


,  Ultimate  Tensile  Strength  ,  . 
F2, 000, 000  =  4 


(2.5) 


For  other  conditions  of  loading  he  suggests  the  fatigue  resistance  may 
be  estimated  using  the  equation: 


2.2  Ff 
=  1 .2  -  R 


(2.6) 


where  F  =  fatigue  strength  for  particular  value  of  R 
Fr  =  fatigue  strength  for  R  =  -  1 

R  =  algebraic  ratio  of  minimum  to  maximum  stress  in  cycle. 


wc  f:.  •  if  ■  r.  ■  :  Ll 

;■  .  t  .  [ 

•  ;  '  II  ■■  ■  c  \  1* 


. 


c  rrifiJi - '>  or  3>  rJ"r,  •  ^ r a  •/  ,/fi  i  n  3vt,-  1 

•  i.6  ■  f  1  .7  'I  ~ 


1 -  I  9  7 


,slaf29'  s,,8fSl  v  *  J  **  •»»■«  art  P'Tf >  ,-f  to  ,  fo.jibnco  larUo  'ol 


C  '  9  d 


•  3NC-  nr  229  tT2  on  nr n  or  niwnrnrm  o  c,  g-j  ohrrj.  ^  r 


■  »e;:  -• 


22 


For  completely  reversed  stress  cycles,  R  =  -  1,  Eq.  2.5  can  be  rewritten 
as : 


r  n  ,  Ultimate  Tensile  Stress  ,  .  7n 

Fr2,000,000  =  11  +  - - 772 -  ksl  ’  (ZJ) 

This  should  be  compared  with  the  average  ratio  of  0.48  to  0.50  reported 
in  section  2.2.1  for  un-notched  machined  surfaces. 

The  reduced  fatigue  strength  of  as-rolled  plates  is  believed 
to  be  caused  by  three  factors: 

1.  The  roughness  of  the  surface  (2). 

2.  The  irregular  and  brittle  mill-scale  coating.  If  cracks 
developed  in  this  layer  during  fatigue  loading  they  could 
act  as  stress-raisers  for  the  metal  at  the  surface  of  the 
plate. 

3.  The  decarburization  of  the  surface  layer  due  to  exposure 
to  air  during  cooling  (1,2,3,7,12). 

Of  these  three,  the  latter  appears  to  be  very  significant. 
Decarburization  removes  some  of  the  carbon  from  the  surface  of  a  bar  or 
plate  leaving  a  surface  layer  of  relatively  soft,  weak  ferrite.  Fatigue 
cracks  tend  to  start  earlier  in  this  layer  than  they  would  in  the  base 
metal  due  to  the  lower  strength  of  the  layer.  At  the  same  time,  however, 
the  surface  tends  to  become  less  notch  sensitive  because  of  its  lower 
strength  and  greater  ductility.  The  overall  effect  is  generally  a 
reduction  in  the  fatigue  strength  of  structural  steels  or  steels  having 
a  composition  similar  to  reinforcing  bars. 
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2.3  Fatigue  Tests  on  High  Strength  Deformed  Bars  as  Concrete  Reinforcement 

Unlike  metal  fatigue  failure  in  machinery  and  aircraft  com¬ 
ponents,  few  fatigue  failures  of  the  reinforcement  in  reinforced  concrete 
beams  have  been  recorded.  The  probability  of  fatigue  failure  of  concrete 
structures  due  to  the  fracture  of  tensile  reinforcement  has  increased 
with  the  use  of  high  strength  deformed  bars  as  concrete  reinforcement, 
however.  For  this  reason,  extensive  tests  have  been  carried  out.  These 
tests  on  the  fatigue  behavior  of  reinforcing  bars  may  be  classified  into 
following  categories: 

(a)  Tensile  fatigue  tests  on  un-embedded  reinforcing  bars  in  air. 

(b)  Tensile  fatigue  tests  on  reinforcing  bars  embedded  in  concrete. 

(c)  Bending  tests  on  reinforced  concrete  beams  with  the  bar  to  be 

tested  acting  as  tensile  reinforcement. 

The  methods  (a)  and  (b),  though  convenient  and  less  expensive, 
do  not  represent  the  actual  stress  conditions.  Therefore  the  test  re¬ 
sults  are  not  directly  applicable  for  design.  These  testing  procedures 
may  be  useful  in  comparing  the  influence  of  various  factors  on  the 
fatigue  resistance  but,  because  the  laws  of  geometrical  similitude  do 
not  always  apply  in  fatigue,  the  results  obtained  from  these  tests  must 
be  used  with  caution. 

The  testing  procedure  listed  in  (c)  is  intended  to  produce  a 
fatigue  failure  of  a  reinforced  concrete  beam  due  to  fatigue  fracture 
of  the  tensile  reinforcement  in  the  beam.  This  procedure  is  a  good  re¬ 
presentation  of  steel  stresses  in  structural  members,  and  therefore  has 
been  widely  adopted.  The  results  from  beam  tests  can  be  used  for  finding 
safe  permissible  stresses,  after  applying  appropriate  factors  of  safety. 
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In  fatigue  tests  on  reinforced  concrete  beams  loaded  in  flexure, 
the  concrete  cracks  in  the  tensile  zone  and  almost  the  full  tensile 
force  is  transferred  to  the  reinforcement.  In  this  cracked  zone,  it  is 
expected  that  the  fatigue  behavior  of  the  tensile  reinforcement  will  be 
similar  to  general  metal  fatigue,  already  described  in  section  2.2.  The 
following  sections  examine  the  influence  of  various  parameters  on  the 
fatigue  resistance  of  reinforcing  bars  in  concrete  beams  loaded  in 
flexure. 

2.3.1  Modes  of  Failure  Observed  in  Fatigue  Testing  of  Reinforced 
Concrete  Beams 

The  fatigue  behavior  of  reinforced  concrete  beams  is  complex 
due  to  the  various  modes  of  failures  which  are  possible.  In  general,  a 
concrete  beam  subjected  to  repeated  loads  may  fail  in  the  following 
modes : 

(a)  Fatigue  fracture  of  the  tensile  reinforcement. 

(b)  Bond  failure  between  the  reinforcement  and  the  concrete  (8,22). 

(c)  Crushing  of  the  concrete  in  the  compression  zone. 

(d)  Diagonal  tension  failure  of  the  concrete  (13,14). 

The  mode  of  failure  of  reinforced  concrete  beams  under  static 
or  repeated  loads  is  strongly  dependent  on  the  properties  of  beam  and 
loading  conditions.  For  most  beams  designed  according  to  the  current 
codes,  the  fatigue  strength  of  the  reinforcement  will  limit  the  fatigue 
strength  of  the  beams  and  thus  most  of  the  research  work  in  this  field 
has  been  oriented  towards  a  study  of  the  fatigue  strength  of  tensile 
reinforcement .  The  present  investigation  is  also  limited  to  a  study  of 


this  failure  mode. 
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2.3.2  The  Effect  of  Concrete  Encasement 

Although  it  would  be  easier  to  test  individual  reinforcing 
bars  in  air  than  it  is  to  test  them  in  beams,  a  number  of  authors  have 
suggested  that  the  fatigue  strength  may  differ  in  the  two  cases.  The 
literature  on  this  is  somewhat  contradictory. 

To  understand  the  effect  of  concrete  encasement  on  the  fatigue 
behavior  of  reinforcement,  it  is  useful  to  examine  the  beam  under  flexural 
stresses.  Since  concrete  is  weak  in  tension,  a  small  load  on  the  beam 
produces  cracks  in  the  concrete  tensile  zone.  The  concrete  tensile 
forces  are  fully  transferred  from  the  concrete  to  the  steel  at  each 
crack.  There  is  an  abundance  of  experimental  data  available  to  show 
that  in  a  fatigue  test  the  tensile  reinforcement  will  fracture  at  or 
very  near  such  a  crack.  This  can  be  attributed  to  the  fact  that  between 
cracks  part  of  the  tension  is  carried  by  the  concrete  so  that  the  maxi¬ 
mum  stresses  in  the  bars  occur  at  cracks.  The  variation  in  stress  along 
bars  in  cracked  concrete  was  studied  by  Washeidt  (34). 

Rehm  (15)  conducted  fatigue  test  on  smooth  and  deformed  bars 
in  air  as  well  as  in  beam  specimens.  The  test  results  showed  that  the 
fatigue  strength  of  an  embedded  bar  in  a  beam  test  was  lower  than  that 
for  the  same  bar  tested  in  tension  in  air.  Similar  test  results  have 
been  reported  by  Meyer  (36). 

Contrary  to  Rehm's  findings,  however,  tests  on  ribbed  TOR-STAHL 
bars  reported  by  Soretz  (32),  showed  that  embedded  bars  in  beam  tests 
had  a  fatigue  strength  at  least  10  percent  higher  than  similar  bar  tested 
in  air.  He  concluded  that  the  fatigue  resistance  of  embedded  bars  in¬ 
creases  with  increasing  efficiency  of  bond  and  suggested  that  the  poorer 
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fatigue  resistance  of  embedded  bars  found  in  the  earlier  investigation  was 
due  to  deficient  bond.  Soretz  supports  his  test  results  with  the  follow¬ 
ing  explanations: 

1.  The  calculation  of  steel  stresses  are  made  assuming  the  fully 
cracked  state  and  neglecting  bond.  The  actual  steel  stresses 
are  usually  lower,  as  is  known  from  several  investigations. 

This  difference  increases  with  increasing  efficiency  of  bond. 

2.  The  cracks  do  not  close  after  removal  of  the  load,  because 
small  grains  of  material  lodge  between  the  faces  of  cracks. 

Hence  the  minimum  steel  stress  in  the  bar  will  be  higher 
than  that  calculated  from  the  minimum  load.  This  will  lead 
to  higher  fatigue  strength. 

3.  In  a  bar  tested  in  air,  the  weakest  section  determines  the 
failure,  whereas  in  a  beam  failure  always  occurs  at  a  crack. 

There  is  a  low  probability  that  a  crack  and  the  weakest  part 
of  the  bar  will  coincide,  and  failure  therefore  occurs  at 
higher  stress. 

Wascheidt  (34)  provides  excellent  information  on  the  effect  of 
embedment  on  the  fatigue  strength  of  plain  and  deformed  bars  in  concrete 
prisms  and  beams.  His  test  results  for  a  variety  of  plain  and  deformed 
bars  tested  in  air  and  embedded  in  concrete  prisms  are  shown  in  FIGURE  2.11. 
The  factor  fn  is  defined  as: 


fR 


rib  area  projected  on  a  cross-section  of  the  bar 

it  (bar  diameter)  (rib  spacing) 
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FIGURE  2.11  THE  EFFECT  OF  CONCRETE  ENCASEMENT  ON  FATIGUE  STRENGTH 

OF  NO.  5  REINFORCING  BARS. 
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FIGURE  2.11  shows  that  as  the  relative  rib  area  is  reduced 
below  .05  the  fatigue  strength  is  reduced,  presumably  because  the  bond 
resistance  is  lower.  Bars  having  relative  rib  areas,  f^,  greater  than 
.05  had  no  loss  of  fatigue  strength  due  to  embedment.  In  the  beam  tests, 
an  increase  of  6  percent  in  fatigue  strength  was  observed  due  to  concrete 
encasement  for  a  bar  having  relative  rib  area  f^  equal  to  .069.  Since 
values  of  f^  for  the  TOR-STAHL  tested  by  Soretz  and  the  bar  tests  re¬ 
ported  by  Meyer  (36)  could  not  be  obtained,  no  direct  comparison  could 
be  made  between  the  results  of  the  various  test  series.  A  line  repre¬ 
senting  the  trend  of  the  data  reported  by  Soretz  is  plotted  in  FIGURE  2.11 
for  comparison,  however. 

The  minimum  values  of  f^  allowed  by  ASTM  specification  for  de¬ 
formations  A  305  (24)  ranges  from  .058  for  No.  3  bars  to  .077  for  No.  11 
bars.  On  the  basis  of  existing  test  results,  it  may  be  concluded  that 
the  fatigue  resistance  of  these  bars  tested  in  air  and  in  beam  tests 
should  be  comparable. 

2.3.3  Effect  of  Minimum  Stress  and  Stress  Range 

When  the  minimum  stress  of  the  stress  cycle  is  changed  in  fa¬ 
tigue  tests,  the  corresponding  endurance  limit  changes.  The  results  of 
tests  under  different  stress  cycles  can  generally  be  correlated  using  a 
Modified  Goodman  Diagram. 

Rehm  (15)  conducted  a  large  number  of  experiments  on  beams  rein¬ 
forced  with  high  strength  deformed  bars  from  which  he  concluded  that  the 
stress  range  is  insensitive  to  the  minimum  stress  level,  unless  the  maxi¬ 
mum  stress  approaches  the  yield  stress.  Similar  conclusions  were  drawn 
by  Fisher  and  Viest  (17). 
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From  tests  of  hot  rolled  bars  of  various  yield  strengths  in 
beams  similar  to  those  used  in  the  present  investigation  Pfister  and 
Hognestad  (28)  concluded  that  the  stress  range  was  relatively  insensitive 
to  minimum  stress  level.  Although  this  was  true,  their  data  does  fall 
close  to  the  straight  line  envelopes  in  the  Goodman  Diagrams  plotted  in 
FIGURE  2.12,  2.13  and  2.14. 

The  results  of  Wascheidt's  tests  (34)  on  unembedded  High-Bond 
steel  and  Rippen-TORSTAHL  are  summarized  in  FIGURE  2.15  and  2.16.  These 
two  steels  differed  in  their  manufacturing  process,  the  High-Bond  steel 
being  hot  rolled,  while  the  Rippen-TORSTAHL  was  hot  rolled  and  cold 
twisted.  FIGURES  2.15  and  2.16  differentiate  between  the  fatigue  behavior 
of  these  two  steels. 

The  type  of  behavior  illustrated  in  FIGURE  2.16  corresponds 
to  that  reported  by  Rehm  (15)  and  Fisher  and  Viest  (17).  This  type  of 
behavior  is  not  common  in  general  metal  fatigue,  but  it  seems  to  occur 
more  frequently  in  cold  worked  steels,  where  the  yield  strength  is  close 
to  the  tensile  strength. 

For  high  strength  reinforcing  steels  of  the  types  covered  by 
the  ASTM  A  431  and  A  432  specifications  it  appears  that  the  fatigue 
strength  for  different  stress  cycles  should  vary  according  to  a  Goodman 
Diagram  of  the  type  shown  in  FIGURES  2.12  to  2.15.  For  this  reason 
design  rules  for  high  strength  bars  in  fatigue  loading  should  not  be 
specified  in  terms  of  a  constant  stress  range  because  such  a  rule  could 
become  unsafe  if  the  minimum  stress  increases. 
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MINIMUM  AND  MAXIMUM  STRESS  (Ksi) 
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FIGURE  2.12  MODIFIED  GOODMAN  DIAGRAM  FOR  NO.  8  ASTM 

A- 15  BARS  AT  2  MILLION  CYCLES 
(DATA  FROM  PFISTER  AND  HOGNESTAD) 
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STATIC  ULTIMATE  STRENGTH 
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MODIFIED  GOODMAN  DIAGRAM  FOR  NO.  8  ASTM  A-432  AT 
2  MILLION  CYCLES  (DATA  FROM  PFISTER  AND  HOGNESTAD) 
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STATIC  ULTIMATE  STRENGTH 
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E  2.14  MODIFIED  GOODMAN  DIAGRAM  FOR  No.  8  ASTM  A-431  BARS  AT 
2  MILLION  CYCLES  (DATA  FROM  PFISTER  AND  HOGNESTAD) 
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FIGURE  2.15  MODIFIED  GOODMAN  DIAGRAM  FOR  UN-EMBEDDED 
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2.3.4  Effect  of  Yield  and  Ultimate  Strength 

In  the  preceding  discussion  of  the  fatigue  of  metals  it  has 
been  seen  that  fatigue  strength  depends  upon  the  yield  strength  or  more 
commonly  on  the  ultimate  tensile  strength.  In  contrast  to  this,  most 
investigators  have  concluded  that  for  reinforcing  bars  the  stress  range 
at  the  fatigue  limit  is  relatively  insensitive  to  the  bar  yield  or 
ultimate  strength  (28,33,34,40).  This  inference  has  been  drawn  by  com¬ 
paring  the  test  results  of  steels  of  different  grades,  but  similar  de¬ 
formation  pattern,  bar  diameter  and  beam  cross-section.  Although  this 
conclusion  is  contradicted  by  test  data  reported  by  Lash,  Macleod  and 
Blackwell  (31)  there  is  enough  evidence  to  show  that  designers  can  not 
count  on  an  increase  in  fatigue  strength  of  reinforcing  bars  when  the 
yield  strength  or  ultimate  strength  is  increased.  This  topic  will  be 
discussed  more  fully  in  Section  5.2  in  connection  with  the  present  test 
series . 

2.3.5  Effect  of  Deformations 

It  has  been  established  that  the  deformation  patterns  on  rein¬ 
forcing  bars  have  a  pronounced  influence  on  the  fatigue  resistance  of 
high  strength  deformed  bars  (15,28,32,33,34,39,40).  Good  bond  between 
reinforcement  and  concrete  is  important  in  a  reinforced  concrete  beam 
if  the  two  materials  are  to  work  together  in  the  manner  assumed  in  design. 
As  a  result,  the  deformation  patterns  currently  in  use  in  North  America 
were  designed  on  the  basis  of  good  bond  resistance  and  ease  in  the  manu¬ 
facturing  process.  However,  the  deformations,  which,  on  one  hand  are 
responsible  for  superior  bonding  properties,  act  as  stress-raisers  on  the 
other  hand.  Under  normal  stress  conditions,  the  static  strength  of  de- 
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formed  bars  is  not  significantly  affected  by  the  stress  concentrations 
because  local  yielding  leads  to  a  redistribution  of  stresses  in  the  regions 
of  high  stress.  Under  a  cyclic  loading,  however,  the  fatigue  strength 
will  be  decreased  by  the  stress  concentrations.  This  effect  should  be 
more  pronounced  in  the  case  of  high  strength  steels  which  generally  are 
more  notch-sensitive  (see  Section  2.2.2). 

Investigations  of  the  effects  of  the  deformation  pattern  on 
the  fatigue  strength  of  reinforcing  bars  have  been  carried  out  in  the 
United  States,  Germany,  Japan  and  Austria.  In  these  investigations  bars 
having  some  deformation  patterns  had  up  to  85  percent  higher  fatigue 
strength  than  others.  In  general,  the  fatigue  strength  decreased  as  the 
severity  of  the  deformation  pattern  was  increased  with  plain  bars  generally 
having  the  best  fatigue  strength. 

These  investigations  suggest  that  the  geometrical  details  of 
deformations  play  an  important  role  in  establishing  the  fatigue  strength 
of  reinforcing  bars.  On  the  basis  of  stress  concentration  theory  and 
observations  on  the  fatigue  failures  of  reinforcing  bars,  it  appears  that 
the  radius  at  the  base  of  the  lugs,  the  lug  height,  the  angle  between  lugs 
and  the  bar  axis,  and  the  intersection  of  transverse  and  longitudinal  lugs 
significantly  influence  the  fatigue  characteristics  of  deformed  bars. 

2. 3. 5.1  Effect  of  Lug  Base  Radius  and  Lug  Height 

It  is  well  known  that  regions  of  high  stress  concentrations  are 
points  of  metal  fatigue  weakness.  Deformed  reinforcing  bars  have  a  vari¬ 
able  cross-section  along  their  length  and  stress  peaks  are  produced  at  the 
discontinuities.  In  Section  2.2.3,  it  was  seen  that  the  stress  concen¬ 
tration  due  to  a  projecting  lug  was  a  function  of  the  radius  at  the  base 
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of  the  lug,  its  height  and  width,  and  the  angle  of  its  faces.  Of  these 
factors,  the  radius  at  the  base  of  the  lug  had  the  major  effect,  with 
the  stress  concentration  increasing  as  the  radius  is  decreased.  This  is 
illustrated  in  FIGURE  2.5. 

The  stress  concentration  theory  has  been  partially  supported 
by  the  fatigue  test  results  on  reinforcing  bars.  Deformed  reinforcing 
bars  provided  with  a  smooth  transition  curve  at  the  lug  bases  were  found 
to  be  superior  in  fatigue  resistance  compared  to  bars  with  an  abrupt 
change  in  slope  at  the  lug  base  (40).  In  addition  it  has  been  seen  that 
an  increase  in  the  ratio  of  the  lug  base  radius  to  lug  height  leads  to  an 
increase  in  the  fatigue  resistance  of  reinforcing  bars  (39,40). 

Kokubu  and  Okamura  (40)  have  reported  stress  concentration 
measurements  on  a  variety  of  hot  rolled  deformed  bars  produced  in  Japan. 
The  strain  measurements  were  made  at  the  lug  bases  using  electric  strain 
gauges  under  static  load.  The  test  program  included  14  varieties  of  de¬ 
formation  patterns  having  lug  base  radii  ranging  between  1  to  9  times  the 
lug  height.  Strain  measurements  at  the  lug  bases  under  static  load 
showed  a  decrease  in  the  stress  concentration  with  an  increase  in  the 
lug  base  radius. 

The  effect  of  the  ratio  of  the  base  radius  to  the  height  of 
the  deformation  lugs  was  found  to  be  a  significant  variable  in  these 
tests.  This  variable  is  discussed  in  Section  5.4  in  connection  with 
the  present  test  series.  In  Kokubu  and  Okamura' s  tests  of  50  ksi  yield 
strength  bars  the  fatigue  strength  increased  from  35  percent  of  the 
tensile  strength  for  a  base  radius  to  lug  height  ratio  of  0.1  to  about 
48  percent  for  a  ratio  of  1.0  or  greater. 
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Any  attempt  to  minimize  the  reduction  in  fatigue  strength  due 
to  deformations  will  necessitate  an  increase  in  the  ratio  of  lug  base 
radius  to  the  lug  height.  On  the  other  hand,  this  will  significantly 
reduce  the  bonding  properties  of  the  deformed  bars.  In  pull  out  tests 
by  Komubu  and  Okamura  (40)  the  bond  strength  of  deformed  bars  having 
lug  base  radii  ranging  from  2  to  5  times  the  lug  height  was  40  to  54 
percent  lower  than  for  bars  having  lug  base  radii  smaller  than  the  lug 
height. 

2. 3. 5. 2  Effect  of  Lug  Inclination 

The  angle  of  inclination  between  the  lugs  and  the  bar  axis  may 
influence  the  stress  concentration  produced  by  the  lugs.  When  the  lugs 
are  perpendicular  to  the  bar  axis,  the  lug  bases  which  are  points  of 
fatigue  weakness  are  concentrated  at  the  same  cross-section.  As  a  result 
their  damaging  influence  is  concentrated  at  one  cross-section.  A  decrease 
in  the  angle  between  the  lug  and  the  bar  axis  should  improve  the  fatigue 
strength  of  reinforcing  bars  by  spreading  the  stress  concentration  along 
some  length  of  bar.  Perhaps  equally  important  is  the  fact  that  a  decrease 
in  the  angle  between  the  lug  and  bar  axis  would  lead  to  an  increase  in 
the  effective  radius  at  the  base  of  the  lug  when  this  is  measured  parallel 
to  the  axis  of  the  bar. 

In  fatigue  tests  on  cold  worked  TOR-STAHL  (32),  it  was  observed 
that  a  decrease  in  the  inclination  of  the  helical  ribs  to  the  bar  axis 
improved  the  fatigue  resistance  of  the  bars.  Similar  observations  have 
been  made  on  hot  rolled  steel  by  Kokubu  and  Okamura  (40).  Their  test 
program  included  deformed  bars  having  lug  inclinations  of  30°  to  90° 
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to  the  bar  axis.  The  test  results  are  summarized  in  FIGURE  2.17.  The 
fatigue  strength  of  bars  having  an  abrupt  change  in  the  slope  at  the  lug 
bases  increased  with  a  decrease  in  the  angle  between  the  lug  and  the  bar 
axis.  On  the  other  hand,  the  fatigue  strength  of  bars  having  smooth 
transition  arcs  at  the  lug  bases  with  radii  between  2  to  5  times  the  lug 
heights  were  unaffected  by  the  variation  in  the  inclination  of  the  lugs 
to  the  bar  axis.  This  observation  may  be  explained  on  the  basis  of 
relatively  small  stress  concentration  due  to  large  base  radii,  such  that 
the  effect  of  concentration  of  fatigue  weakness  at  the  same  cross-section 
may  not  be  significant. 

By  providing  large  radii  at  the  bases  of  the  lugs  and  decreasing 
the  inclination  of  the  lugs  to  the  bar  axis  of  bonding  properties  of  the 
bar  will  be  reduced  but  the  fatigue  resistance  will  increase.  Since  the 
fatigue  resistance  of  the  bars  with  a  ratio  of  base  radius  to  lug  height 
greater  than  2  was  found  to  be  unaffected  by  the  inclination  of  the  lug 
to  the  bar  axis,  it  would  be  desirable  to  keep  the  maximum  inclination 
of  the  lugs  to  the  bar  axis  for  better  bonding  properties. 

2. 3. 5. 3  Effect  of  Intersection  between  Longitudinal  and  Transverse  Lugs 

A  complex  state  of  stress  exists  in  the  reinforcing  bar  where 
the  transverse  lugs  merge  into  a  longitudinal  rib.  The  influence  of 
such  a  junction  on  fatigue  strength  of  reinforcing  bars  is  indefinite 
in  the  literature. 

In  the  AASHO  Road  Test  (17),  it  was  observed  that  fatigue 
cracks  generally  started  at  the  points  where  two  intersecting  lugs  merged 
into  longitudinal  ribs.  Similar  failures  were  observed  by  other  investi¬ 
gators  (30,37),  especially  when  the  longitudinal  ribs  were  placed  in  a 
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OF  LUGS  TO  BAR  AXI  S  (AFTER  KOKUBU  AND  OKAMURA) 
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vertical  plane.  These  bars  had  5  to  7  percent  less  fatigue  strength 
when  the  longitudinal  ribs  were  in  a  vertical  plane  than  they  did  with 
the  ribs  in  the  horizontal  plane  (30)*.  This  reduction  in  fatigue 
strength  can  be  explained  partially  by  the  strain  gradient  across  the 
depth  of  the  bar  in  the  beam.  The  bars  oriented  with  their  ribs  in  the 
vertical  plane  have  bigger  stress  in  the  extreme  fibre  than  if  the  ribs 
were  horizontal.  As  a  result  they  would  be  expected  to  show  a  slightly 
lower  fatigue  strength  than  bars  with  their  ribs  in  the  horizontal  plane. 

To  avoid  the  above  mentioned  source  of  fatigue  weakness,  several 
manufacturers  in  Europe  have  produced  bars  in  which  transverse  lugs  are 
discontinued  before  they  reach  the  longitudinal  ribs.  Although  it  is 
claimed  that  these  bars  have  a  better  fatigue  resistance  than  the  typical 
American  bar  (15,32,34),  a  recent  American  study  (39)  found  that  termi¬ 
nating  the  transverse  lugs  before  they  reach  the  longitudinal  ribs  had 
no  significant  effect  on  the  fatigue  strength  of  the  bars.  This  study 
considered  American  hot  rolled  bars  and  European  cold  twisted  bars  having 
a  similar  deformation  pattern,  in  which  the  transverse  lugs  did  not  merge 
into  the  longitudinal  ribs.  In  addition,  there  was  no  influence  of  the 
orientation  of  the  longitudinal  ribs  on  the  fatigue  strength  of  these  bars. 

2.3.6  Effect  of  Diameter  of  Bar 

The  influence  of  the  diameter  of  reinforcing  bars  on  their 
fatigue  strength  has  not  yet  been  thoroughly  investigated.  In  section 
2.2.2  it  was  seen  that  for  machined  metal  specimens  the  fatigue  strength 
tended  to  go  down  as  the  size  of  specimen  increased.  However,  the  effects 

*In  reference  30  these  data  are  reported  in  terms  of  fatigue  life  rather 
than  fatigue  strength. 
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of  size,  shape  and  stress  gradient  were  found  to  be  closely  related. 

The  test  data  reported  by  Wascheidt  (34)  and  Komubu  and 
Okamura  (40)  show  a  slight  decrease  in  strength  with  an  increase  in  bar 
size.  This  topic  will  be  discussed  more  fully  in  section  5.3  in  con¬ 
nection  with  the  present  test  series. 
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CHAPTER  III 


TEST  SPECIMENS,  MATERIALS  AND  TESTING  EQUIPMENT 

3.1  Description  of  Test  Program 

This  investigation  was  a  study  of  the  fatigue  behavior  of 
intermediate  and  high  strength  reinforcing  bars.  Three  major  variables 
minimum  stress  level,  bar  size  and  grade  of  steel,  were  investigated. 
The  program  included  tests  on  bars  of  intermediate,  A  432  and  A  431 
steel  and  bar  sizes  Nos.  5,  8  and  10.  The  tests  on  reinforcing  bars 
were  divided  into  the  following  groups  - 


1 . 

Flexural  fatigue  tests  on  reinforced  concrete  beams  con¬ 
taining  bars  of  intermediate,  A  432  and  A  431  reinforcement 

and  bar  sizes  Nos.  5,  8  and  10. 

2. 

Rotating  beam  fatigue  tests  on  standard  and  filleted  fatigue 

specimens,  machined  from  No.  8  bars  of  intermediate,  A  432 

and  A  431  steel . 

3. 

Hardness  and  metallurgical  investigations  of  No.  8  bars  of 

intermediate,  A  432  and  A  431  steel. 

The  first  group  of  tests  forms  the  major  part  of  the  test 

program. 

In  these  tests  the  reinforcing  bar  stresses  simulated  field 

conditions.  The  remaining  test  groups  were  designed  to  investigate  the 
strength  and  fatigue  behavior  of  the  base  metal  in  the  bars.  The  fabri 
cation  and  testing  procedure  for  these  tests  will  be  discussed  in  this 
chapter. 
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3 . 2  Properties  of  Reinforcement 

The  reinforcement  used  in  this  program  was  of  three  grades, 
meeting  ASTM  specifications:  A  15  (Intermediate  Grade),  A  432  and  A  431*. 
All  the  bars  of  any  one  size  and  yield  stress  were  selected  from  the  same 
heat,  the  heats  being  chosen  on  the  basis  of  similar  yield  stress  for  the 
three  sizes  of  any  one  grade. 

In  each  case  the  reinforcing  bars  were  rolled  from  new  billets. 
The  A  15  and  A  432  reinforcement  came  from  the  Edmonton  plant  of  the  Steel 
Company  of  Canada.  These  bars  were  produced  in  a  continuous  casting 
steel  mill  from  steel  scrap  remelted  in  an  electric  furnace.  The  A  431 
reinforcement  was  produced  at  the  Hamilton  plant  of  the  Steel  Company 
of  Canada  from  an  open  hearth  process.  The  chemical  composition  of  the 
nine  types  of  steel,  obtained  from  mill  test  reports  is  presented  in 
TABLE  3.1. 

Photographs  of  all  the  nine  types  of  reinforcing  bars  used  in 
this  investigation  are  shown  in  FIGURE  3.1.  The  reinforcement  used  had 
two  longitudinal  ribs  and  parallel  transverse  lugs  inclined  at  about  75° 
to  the  bar  axis.  In  all  cases  the  transverse  lugs  merged  into  the 
longitudinal  ribs.  FIGURE  3.2  shows  the  mid  lug  profiles,  obtained  by 
sectioning  the  bars  along  their  longitudinal  axis.  The  bar  diameter, 
lug  height  and  lug  spacing  on  the  bars  were  measured  with  a  micrometer. 

The  radii  at  the  bases  of  lugs  and  the  enlarged  photographs  of  the  mid 
lug  profiles  shown  in  FIGURE  3.2  were  obtained  using  an  optical  comparator. 
The  average  values  of  diameter,  lug  height,  lug  spacing  and  lug  base 

*At  the  time  the  reinforcement  was  purchased  ASTM  Specifications  A  15, 

A  432  and  A  431  were  in  effect.  These  were  replaced  in  1968  by  ASTM 
A  615-68  Grade  40,  Grade  60  and  Grade  75,  respectively . 
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TABLE  3.3 

OUTLINE  OF  TESTING  PROGRAM 


A.  REINFORCED  CONCRETE  BEAM  SPECIMENS 


Series 

Bar  Size 

Type  of  Reinforcement 

Minimum  Stress  Level 

1 

8 

Intermedi ate 

0.1  f 

y 

2 

8 

A  432 

0.1  f 

y 

3 

8 

A  431 

0.1  f 

y 

4 

8 

Intermediate 

0.4  f 

y 

5 

8 

A  432 

0.4  f 

y 

6 

8 

A  431 

0.4  f 

y 

7 

5 

Intermediate 

0.1  f 

y 

8 

5 

A  432 

0.1  f 

y 

9 

5 

A  431 

0.1  f 

y 

10 

10 

Intermediate 

0.1  f 

y 

11 

10 

A  432 

0.1  fy 

12 

10 

A  431 

0.1  f 

y 

B.  ROTATING  BEAM 

FATIGUE  SPECIMENS 

Type  of  Specimen 

A 

8 

Intermediate 

Plain 

B 

8 

A  432 

Plain 

C 

8 

A  431 

Plain 

D 

8 

Intermediate 

Fi  1 leted 

E 

8 

A  432 

Fi  1 leted 

F 

8 

A  431 

Fi  1 leted 
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#5  Bars  -  A15 

-  A432 

-  A431 
#8  Bars  -  A15 

-  A432 

-  A431 
#10  Bars-  A15 

-  A432 

-  A431 


FIGURE  3.1 


DEFORMATION  PATTERNS  ON  REINFORCING  BARS 
(Shown  half  size) 
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FIGURE  3.2(a)  MID  LUG  PROFILES  FOR  NO.  5  BARS 
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FIGURE  3.2(b)  MID  LUG  PROFILES  FOR  NO.  8  BARS 
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MID  LUG  PROFILES  FOR  NO.  10  BARS 


FIGURE  3.2(c) 
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radii  for  each  bar  are  given  in  TABLE  3.2. 

Two  reinforcing  bars  of  each  size  in  each  grade  of  steel  were 
tested  in  tension,  to  determine  the  mechanical  properties  of  the  bars. 

The  laboratory  test  data  is  summarized  in  TABLE  3.1.  The  stress-strain 
curves  for  the  three  grades  of  Nos.  5,  8  and  No.  10  bars  are  shown  in 
FIGURES  3.3  (a),  (b)  and  (c)  respecti vely .  It  is  interesting  to  note 
that  for  the  nine  types  of  bars  used,  the  stress-strain  curve  for  the 
No.  10  A  431  bars  was  the  only  one  that  deviated  significantly  from  an 
elastic-plastic  stress-strain  curve.  In  addition,  the  measured  tensile 
strengths  of  the  No.  10  A  431  bars  were  essentially  the  same  as  those 
determined  for  the  No.  10  A  432  bars. 

3.3  Fatigue  Tests  on  Reinforced  Concrete  Beams 

This  portion  of  the  test  program  included  flexural  fatigue 
tests  of  72  reinforced  concrete  beams.  The  testing  was  divided  into  12 
series  of  reinforced  concrete  beams.  Each  series  consisted  of  6  beams 
of  the  same  dimensions  and  reinforcement.  A  total  of  nine  types  of 
steels  were  investigated,  including  all  combinations  of  the  three  grades 
of  steel  and  three  bar  sizes.  The  complete  program  of  tests  is  outlined 
in  TABLE  3.3. 

3.3.1  Dimensions  of  Test  Beams 

In  order  to  facilitate  comparison  of  test  results,  the  beams 
in  this  investigation  were  designed  to  be  geometrical ly  similar  to  those 
used  in  previous  tests  carried  out  by  the  Portland  Cement  Association 
Laboratories  (28).  The  beams  reinforced  with  No.  8  bars  were  identical 
to  those  described  in  References  28,  30,  37  and  39.  The  nominal  dimensions 
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of  the  test  beams  investigated  in  this  program  are  shown  in  FIGURE  3.4. 
The  actual  dimensions  of  the  beams,  measured  at  the  time  of  testing  are 
listed  in  TABLE  A-l .  Each  test  beam  was  reinforced  with  a  single  rein¬ 
forcing  bar  in  the  tensile  zone  and  two  No.  3  bars  in  the  compression 
zone.  The  beams  can  be  classified  into  three  groups  on  the  basis  of 
reinforcing  bar  diameters. 

Holes  of  1-1/8  inch  diameter  were  provided  through  the  beam 
directly  over  the  supports,  3  inches  below  the  top  of  the  beam  to  permit 
installation  of  clamping  bolts  for  the  end  supports.  Lifting  hooks  were 
provided  at  the  third  -  points  of  the  span. 

Group  I  (Series  1-6) 

The  beams  in  this  group  had  a  nominal  cross-section  of  12  by 
14  inches.  These  beams  contained  one  longitudinal  No.  8  reinforcing  bar 
with  a  clear  cover  of  1  inch  from  the  bottom  of  the  beam.  The  longi¬ 
tudinal  reinforcement  ratio  in  these  beams  varied  from  .0051  to  .0053. 

The  beams  were  80  inches  long  and  were  simply  supported  with  a  span  of 
72  inches.  No.  3  double  leg  stirrups  were  provided  at  6  inches  on  center 
These  bars  were  supported  by  two  No.  3  bars  as  shown  in  FIGURES  3.4  and 
3.5. 

Group  II  (Series  7-9) 

These  beams  contained  one  No.  5  bar  as  longitudinal  reinforce¬ 
ment,  and  had  nominal  rectangular  cross-section  of  7-1/2  by  10-1/4  inches 
The  beams  were  50  inches  in  length  and  were  placed  at  clear  cover  of  1 
inch.  In  these  beams  the  longitudinal  steel  ratio  varied  from  .0046  to 
.0047.  No.  3  double  leg  stirrups  were  provided  at  4.5  inches  on  center. 
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FIGURE  3.4  DETAILS  OF  BEAM  SPECIMENS 
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FIGURE  3.5  REINFORCEMENT  FOR  GROUP  I  BEAM  IN 

FORM  PRIOR  TO  PLACING  CONCRETE 
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These  were  supported  by  two  No.  3  bars  as  shown  in  FIGURE  3.4. 

Group  III  (Series  10-12) 

The  beams  were  reinforced  with  a  single  No.  10  bar  at  a  clear 
cover  of  1-1/2  inches.  These  beams  had  rectangular  cross-section  of  15 
by  17-1/2  inches,  and  steel  ratios  ranging  from  .052  to  .053.  The  beams 
were  100  inches  long  and  were  simply  supported  over  90  inches.  No.  3 
double  leg  stirrups  were  provided  at  7  inches  on  center.  These  were 
supported  by  two  No.  3  bars  as  shown  in  FIGURE  3.4. 

3.3.2  Properties  of  Concrete 

The  concrete  in  the  test  beams  in  Series  1  to  6  was  mixed  in 
the  laboratory  using  Type  III  high  early  strength  Portland  Cement,  washed 
sand  and  3/4-inch  maximum  size  aggregate.  The  average  mix  proportions 
by  weight  were:  cement  -  12.7  percent;  sand  -  32.8  percent;  coarse  aggre¬ 
gate  -  47.8  percent;  and  water  -  6.7  percent. 

The  concrete  was  mixed  in  a  nine  cubic  foot  capacity  Eirich 
pan  type  mixer.  Three  batches  of  concrete  were  used  to  make  each  group 
of  two  beams  in  series  1  to  6.  The  first  batch  made  up  the  lower  third 
of  both  the  beams,  while  the  second  and  third  batches  were  each  used  to 
make  the  upper  two  thirds  of  one  of  the  beams.  The  slump  measurements 
ranged  between  2-3/4  and  3-1/2  inches. 

The  concrete  in  the  test  beams  in  Series  7  to  12  was  supplied 
by  a  local  transit  mix  supplier  in  1-1/4  cubic  yard  lots.  Each  lot  was 
used  to  cast  two  beams  containing  No.  10  bars  and  two  beams  containing 
No.  5  bars.  The  concrete  was  ordered  as  4500  psi  concrete  made  with 
Type  III  high  early  cement.  The  aggregates  used  came  from  the  same  pit 


(Sf -Jl  aar  ?9<  )  III  qu<n3 

gf  nor.  Dea-oacro  isfugr  -  •  1  *•  ^  ^  •  '  ir  -  "|,3V.00 

.£.£  3m n  nr  nwo  la  26  £  .oH  owt  ^d  P9t™qqu2 

. 

b9ii 2 6w  f  Jn.3n  O  bnil:hcl  rttpnsiJa  v  •> J  d  ;rd  1  : 1  -  vT  -  au  ^'totfi'iodfci  sd? 

. 

.t  scnsq  X,  .-ns  tn  n  eq  8J  -  sttg 

t  T  K  9H  jc  i»f  .•:  .  .  «  J  r't  n  -  '  •"'■■-  sdT 

?  .  -;6V,  or  U  £*'  i-  1  '  r  •'  :j.;:  Xf  1  l  P*r  o 

bf,::i  ■  o  oo  raq  f  :,  *.o  .  r  '  j  )  i  • r  .21  - 

trq  9m62  s  3  merit  9m60  beau  ae; ■. sgsrc^QS  srT  . . .:em90  ngrd  III  eqy;1 


58 


pit  as  those  used  in  the  beams  cast  in  the  laboratory. 

In  all  cases  the  beams  were  vibrated  using  an  electric  immersion 
type  vibrator.  Two  6  x  12  in.  test  cylinders  were  cast  according  to  ASTM 
specification  No.  G192-62T  from  the  concrete  used  in  the  top  of  each 
beam.  For  the  first  two  days  after  casting,  the  beams  and  cylinders 
were  covered  with  saturated  burlap  and  Polyethelyne  sheets.  After  two 
days  the  forms  were  removed  and  the  beams  and  cylinders  were  stored  in 
the  laboratory  until  testing. 

The  cylinders  for  each  beam  were  tested  for  compressive  strength 
the  day  the  beam  was  placed  in  the  testing  frame.  The  strength  of 
concrete  was  taken  as  the  average  of  the  strengths  derived  from  two 
6x12  inch  cylinders.  The  age  at  testing  and  the  average  compressive 
strength  of  the  test  cylinders  together  with  actual  dimensions  of  the 
beams  are  summarized  in  TABLE  A-l . 

3.3.3  Form  Work 

The  forms  for  the  beams  were  built  up  using  three  steel  channels 
bolted  together  to  form  a  box.  The  forms  were  oiled  before  casting  and 
rods  were  positioned  in  holes  through  the  channels  to  form  the  end 
support  holes.  These  rods  were  heavily  oiled  and  wrapped  in  Polyethelyne 
to  help  in  their  removal. 

A  strip  of  3/8  inch  thick  wood  was  placed  in  the  form  at  the 
mid  span  before  casting.  This  was  done  to  initiate  a  flexural  crack  at 
the  point  of  maximum  stress  in  the  beam.  The  wooden  strip  was  oiled 
to  facilitate  removal  before  testing.  During  casting  the  reinforcing 
cage  was  supported  on  the  crack  initiator  and  on  two  small  pieces  of 
wood  placed  near  the  ends  of  the  beam.  FIGURE  3.5  shows  a  reinforcement 
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cage  for  a  Group  I  beam  in  the  form  prior  to  casting. 

3.3.4  Testing  Equipment 

Testing  was  performed  using  Amsler  equipment  consisting  of  a 
hydraulic  pulsator  and  jacks  of  22,  55  and  110  kips  dynamic  capacity. 

The  Amsler  hydraulic  jack  was  mounted  in  a  steel  loading  frame  anchored 
to  the  test  floor  of  the  University  of  Alberta  Structural  Engineering 
Laboratory.  The  pulsator  was  operated  at  500  cycles  per  minute. 

The  Amsler  testing  equipment  is  capable  of  applying  a  sinusoidal 
stress  cycle  varying  between  two  limits.  The  maximum  and  the  minimum 
stress  limits  is  set  on  two  separate  dials.  A  reset-counter  indicates 
the  number  of  stress  cycles  applied.  The  machine  is  stopped  automatically 
when  it  reaches  a  preset  number  of  cycles;  when  a  preset  decrease  in  the 
minimum  load  or  increase  in  the  maximum  load  occurs;  or  when  the  machine 
or  the  test  specimen  starts  to  vibrate  significantly.  All  three  controls 
assist  in  obtaining  relatively  undisturbed  fractured  beam  specimens. 

The  load  dials  on  the  pulsator  panel  are  calibrated  in  divisions 
representing  one  percent  of  the  full  capacity  of  the  jack  in  use.  It  is 
possible  to  estimate  the  dial  readings  to  nearest  0.1  to  0.2  percent  of 
the  full  capacity.  Amsler  jacks  of  22,  55  and  110  kips  dynamic  load 
capacity  were  used  for  the  tests  of  beams  containing  No.  5,  No.  8  and 
No.  10  bars  respectively.  For  the  three  beam  sizes  the  possible  error 
in  the  bar  stress  due  to  error  in  estimating  the  pulsator  dial  readings 
was  of  the  order  of  0.16  ksi  for  No.  5  bars,  0.18  ksi  for  No.  8  bars 
and  0.22  ksi  for  No.  10  bars.  About  half  of  the  beams  in  series  10  to 
12  were  tested  using  an  Amsler  jack  of  55  kips  load  capacity  for  better 
accuracy  in  estimating  the  load  dial  readings.  For  these  beams  the 
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possible  error  in  the  bar  stress  due  to  errors  in  estimating  the  pul  - 
sator  dial  reading  for  No.  10  bars  was  reduced  to  about  0.11  ksi. 

The  calibration  of  the  Amsler  equipment  was  checked  at  the 
beginning  and  end  of  each  test  series  as  described  in  paragraph  3.3.5. 

A  50  ton  capacity  load  cell  was  calibrated  throughout  the  range  of 
the  Amsler  equipment  in  a  calibrated  Baldwin  testing  machine,  and  this 
load  cell  was  then  used  to  calibrate  the  Amsler  equipment. 

The  general  arrangement  of  the  testing  equipment  along  with 
the  beam  under  fatigue  loading  is  shown  in  FIGURE  3.6.  The  test  beams 
were  supported  by  two  large  concrete  reaction  blocks  placed  at  45,  72 
and  90  inch  centres  for  the  three  beam  sizes.  These  blocks  were 
fastened  to  the  test  floor.  A  roller  support  was  placed  on  the  other 
reaction  block  to  complete  the  simple  support  system.  The  rollers 
were  mounted  in  a  housing  and  a  rocker  bar  was  fastened  on  the  top  of 
the  housing.  The  details  of  the  roller  support  are  illustrated  in 
FIGURE  3.7. 

As  shown  in  FIGURES  3.6  and  3.7,  the  two  ends  of  the  beams  were 
held  in  special  end  clamps  designed  to  prevent  the  tendency  of  the  beam 
to  "walk"  laterally  or  longitudinally  under  repeated  loadings.  The  end 
clamps  each  consisted  of  a  2-inch  steel  base  plate  with  a  machined  groove 
which  rested  on  the  rocker  bars  on  the  supports.  Bars  were  placed  across 
the  ends  of  the  grooves  to  stop  the  support  from  sliding  off  the  rocker 
bars.  Side  plates  were  welded  to  the  base  plate  to  form  a  box  into 
which  the  beam  fitted.  A  1-inch  diameter  bolt  was  passed  through  holes 
in  the  side  plates  and  the  beam  to  hold  the  beam  in  place.  Pads  of  1/4 
inch  neoprene  were  placed  between  the  steel  clamps  and  the  concrete  beam 
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FIGURE  3.6 


OVERALL  VIEW 
OF  TESTING 
ARRANGEMENT. 


DETAIL  OF  ROLLER 
END  SUPPORT  AND 
BEAM  CLAMP. 
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to  distribute  the  bearing  stresses  from  the  reaction  forces. 

The  bearing  plate  under  the  load  was  a  1-1/2  inch  thick  plate 
with  small  side  lugs  which  fitted  over  the  top  of  the  beam  to  stop  side 
slippage.  Mounted  on  top  of  the  1-1/2  inch  plate  was  a  second  plate 
with  a  machined  indentation  to  provide  a  seat  for  the  head  of  the  jack. 

A  neoprene  pad  was  placed  between  the  plate  and  the  beam  to  eliminate 
slippage  and  localized  crushing  of  concrete. 

3.3.5  Test  Procedure 

The  tests  of  reinforced  concrete  beams  included  12  series  of 
beams  comprising  a  total  of  72  beams  as  outlined  in  TABLE  3.3.  The 
first  six  beams  in  series  1  to  3  and  7  to  9  were  tested  before  starting 
another  series.  In  series  4  to  6  and  10  to  12  the  tests  alternated  from 
series  to  series  until  all  the  beams  had  been  tested. 

Prior  to  testing  a  beam,  it  was  loaded  with  a  small  load  to 
remove  the  wooden  strip  inserted  as  a  crack  initiator.  The  actual 
dimensions  including  the  clear  cover  to  the  reinforcing  bar  were  then 
measured.  The  calculations  of  the  stresses  in  the  reinforcing  bars 
were  made  using  the  actual  dimensions  of  each  beam  before  it  was  tested. 

The  minimum  loads  on  the  beam  were  set  to  provide  a  minimum 
bar  stress  of  either  0.1  or  0.4  times  the  yield  stress  of  the  reinforcing 
bar.  The  maximum  load  was  varied  in  a  manner  designed  to  produce  an  S-N 
curve  for  each  series.  The  fluctuating  loading  cycles  were  applied  to 
the  beams  until  failure  occurred  or  5  million  cycles  had  been  applied. 

The  beams  which  sustained  5  million  cycles  without  failure,  were  retested 
at  a  higher  maximum  load. 

In  all  cases  the  reinforcement  stresses  were  computed  using 
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the  straight  line  theory  of  flexure  assuming  the  modulus  of  elasticity 
of  concrete  as  given  in  the  ACI  Standard  318-63  (23)  and  that  of  steel 
as  29,000  ksi.  Throughout  the  calculations  nominal  areas  of  0.31,  0.79 
and  1.27  sq.  inch  were  used  for  the  Nos.  5,  8  and  10  bars  respectively. 
According  to  straight-line  theory  calculations  the  No.  3  stirrup  support 
bars  affected  the  calculated  steel  stress  by  less  than  0.4  percent  and 
they  were  ignored  in  calculating  the  steel  stresses  in  the  beams. 

The  Amsler  pulsator  was  operated  at  500  cycles  per  minute  for 
the  entire  test  program.  The  initial  load  setting  on  the  pulsator 
varied  slightly  in  the  first  12  hours  or  so  and  minor  load  adjustments 
were  required  during  this  period.  The  Amsler  pulsator  dials  were  cali¬ 
brated  at  the  beginning,  middle  and  end  of  each  group  of  test  specimens 
using  a  50  ton  load  cell.  The  change  in  calibration  ranged  between 
0  to  2  percent.  A  linear  correction  was  applied  to  the  test  loads  to 
account  for  the  change  in  calibration. 

The  effect  of  the  forced  vibration  on  the  steel  stresses  was 
approximated  by  assuming  that  the  load  would  over  run  the  top  and  bottom 
of  the  cycle  set  on  the  machine  by  two  percent  of  the  stress  range  in 
the  cycle.  This  was  calculated  using  formulas  provided  in  the  Amsler 
Instruction  Manual  (41). 

The  crack  patterns  were  marked  on  the  beams,  after  a  few 
thousand  load  repetitions  and  after  failure.  After  collapse  of  the 
beams,  details  of  the  fractured  face  of  the  reinforcing  bars  were  re¬ 
corded.  Some  typical  fractured  reinforcing  bars  were  taken  out  from 
the  beams  for  further  examination. 
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3.4  Rotating  Beam  Fatigue  Tests 

The  reinforcing  bars  tested  in  the  reinforced  concrete  beam 
tests  exhibited  the  combined  effect  of  several  variables.  For  this 
reason  a  test  series  was  designed  to  investigate  the  fatigue  behavior 
of  the  base  metal  in  the  reinforcing  bars  using  standard  rotating  beam 
specimens  machined  out  of  No.  8  bars  of  the  three  grades  of  steel.  The 
test  specimens  were  divided  into  series  A  to  F  including  standard  un¬ 
notched  specimens  and  filleted  notched  specimens  as  outlined  in  TABLE 
3.3. 

3.4.1  Details  of  Rotating  Beam  Specimens 

The  design  and  details  of  un-notched  specimen  shown  in  FIGURE 
3.8  was  taken  from  the  "Instruction  Manual"  supplied  with  the  fatigue 
testing  machine  (42).  One  No.  8  reinforcing  bar  was  taken  from  each 
grade  of  steel  and  twelve  pieces  of  the  required  size  were  cut  from  each 
bar.  The  test  specimens  were  turned  on  a  precision  automatic  lathe 
following  a  template.  The  rotating  beam  specimens  came  from  the  centre 
of  reinforcing  bar  pieces. 

In  each  case  the  surface  of  the  specimen  was  polished  using 
0 s  00  and  000  emery  paper,  successively  in  the  longitudinal  direction. 
Care  was  taken  to  make  sure  that  surface  finish  was  free  from  nicks, 
scratches  and  tool  marks. 

Notched  specimens  were  tested  to  investigate  the  effect  of 
stress  concentration  and  the  notch  sensitivity  of  the  various  grades  of 
steels.  A  fillet  was  chosen  because  of  its  similarity  to  the  defor¬ 
mations  on  the  reinforcing  bars.  The  dimensions  of  the  filleted  specimen 
were  chosen  arbitrarily  to  give  a  known  stress  concentration.  Twelve 
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Standard  Specimens 


FIGURE  3.8 


DETAILS  OF  ROTATING  BEAM  FATIGUE  SPECIMENS 
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identical  specimens  were  turned  from  the  centre  of  No.  8  bars  of  each 
grade.  These  specimens  were  prepared  and  polished  by  similar  procedure 
as  described  for  un-notched  specimens. 

The  details  of  the  filleted  specimen  are  illustrated  in 
FIGURE  3.8.  The  theoretical  stress  concentration  factor  for  this  fillet 
was  1.85  (11).  Unfortunately  these  specimens  had  accidental  tool  marks 
at  the  transition  from  the  fillet  to  the  1/4  inch  diameter  segment  and 
the  test  results  were  not  dependable  for  the  filleted  specimens. 

3.4.2  Testing  Equipment  and  Procedure 

The  rotating  beam  specimens  were  tested  in  a  Budd  Model  RBF-200 
Rotating  Beam  Fatigue  Testing  Machine.  This  is  a  rotating  cantilever 
beam  type  model,  which  can  be  set  to  apply  a  given  moment  at  the  section 
half-way  along  the  length  of  the  specimen.  The  specimen  is  rotated  under 
a  load  at  a  speed  between  500-12,000  rpm  by  a  rheostat  controlled  motor. 
In  this  way  a  completely  reversed  sinusoidal  stress  cycle  is  applied  to 
the  specimen.  A  resettable  counter  records  the  number  of  stress  cycles 
applied  to  the  specimen.  A  micro-switch  automatically  shuts  off  the 
machine,  when  the  stiffness  of  the  specimen  changes  significantly  due 
to  fatigue  cracking. 

Cyclic  loads  were  applied  to  the  specimen  until  it  developed 
a  fatigue  crack  or  had  sustained  10  million  cycles.  The  specimens  which 
endured  10  million  cycles  were  retested  at  higher  alternating  stresses. 
The  loads  were  selected  to  establish  S-N  curves  with  a  well  defined 
fatigue  limit. 
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3.5  Hardness  Tests  and  Metallographic  Investigation 

In  general,  the  fatigue  strength  of  plain  machined  specimens 
increases  with  an  increase  in  the  yield  strength,  while  that  of  rein¬ 
forcing  bars  stays  constant.  This  may  be  due  to  in  part  to  an  uneven 
distribution  of  material  strength  and  properties  across  the  member. 
Hardness  and  metallographic  observations  were  undertaken  to  study  this 
possibility.  The  hardness  tests  were  made  using  Vicker's  Pyramid  Hard¬ 
ness  (V.P.H.)  tests. 

The  hardness  tests  indicated  a  variation  in  the  metal  tensile 
strength  in  the  bar  cross-section  and  for  this  reason,  metal lographical 
investigation  of  the  bar  metal  was  undertaken  to  explain  this  variation. 
The  metallographic  investigations  were  oriented  towards  the  observation 
of  the  general  macro  and  micro-structure  of  the  metal,  non-metallic 
inclusions  and  the  micro-structure  of  metal  at  points  of  high  stress 
concentration  near  the  roots  of  deformations  on  the  surface  of  the  bars. 

The  hardness  tests  and  metallographical  observations  were 
confined  to  No.  8  bars  of  the  three  grades  since  these  bars  were  the 
bars  which  had  been  tested  in  rotating  beam  tests.  The  bars  were  sliced 
in  the  longitudinal  and  transverse  directions  to  observe  metal  structure 
in  both  planes.  Bar  specimens  approximately  3/4  inch  long  were  cut  by 
an  abrasive  cut-off  saw.  The  bars  were  kept  submerged  in  a  cooling 
agent  to  avoid  any  change  in  metal  structure  due  to  the  heat  produced 
due  to  cutting.  To  facilitate  polishing  and  metallographical  observa¬ 
tions  the  sliced  bar  specimens  were  mounted  in  Araldite  blocks. 

The  polishing  of  the  specimens  was  done  in  four  gradual  stages, 
using  silicon  carbide  belts,  silicon  carbide  discs,  diamond  abrasive  and 
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alumina  coated  discs.  The  final  finish  of  the  surface  was  approximately 
.05  microns. 

The  specimens  sliced  along  the  longitudinal  direction  were 
used  for  observing  micro-structure  and  the  non-metallic  inclusions. 

This  plane  of  observation  was  preferred,  because  the  inclusions  were 
oriented  in  this  plane  and  the  banded  structure  of  the  metal  could  be 
seen  better.  The  macroscopic  observations  were  made  on  the  surface 
transverse  to  the  bar  axis.  These  specimens  were  also  used  for  hard¬ 
ness  tests. 
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CHAPTER  IV 


TEST  RESULTS 

4. 1  Reinforced  Concrete  Beam  Specimens 

4.1.1  Descriptions  of  Failures 

All  the  reinforced  concrete  beam  specimens  failed  due  to 
fatigue  failure  of  the  tension  reinforcement.  Prior  to  the  beam  failure 
an  essentially  symmetrical  pattern  of  flexural  and  shear  cracks  was  ob¬ 
served  in  all  the  beams.  In  general,  three  major  cracks  appeared  in  a 
beam,  at  the  initial  loading.  The  central  crack  started  at  the  crack 
initiator  and  extended  approximately  as  far  as  the  neutral  axis  of  the 
beam.  The  other  two  cracks  were  symmetrical  and  their  distance  from 
the  central  crack  varied  with  the  size  of  beams.  As  the  number  of  cycles 
increased  the  cracks  became  more  distinctly  visible.  No  attempt  was 
made  to  measure  the  crack  width.  Longitudinal  cracks  were  noted  on  the 
bottom  of  the  beam  below  the  bar.  These  cracks  extended  each  way  from 
each  of  the  three  flexural  cracks  about  half  a  crack  space  in  each  di¬ 
rection.  On  removing  the  bars  from  the  beams,  however,  the  bond  between 
the  bar  and  the  concrete  was  found  to  be  excellent  in  this  region. 

FIGURE  4.1  illustrates  a  typical  crack  pattern  on  beam  specimen  8-50-11 
after  failure. 

In  most  cases  the  fatigue  fracture  of  the  reinforcement  occurred 
at  the  performed  crack  at  mid-span.  The  location  and  a  description  of 
the  fracture  of  the  reinforcement  in  the  beams  is  given  in  TABLE  A-2. 

In  four  cases  out  of  the  72  beams,  the  reinforcement  fractured  just  over 
the  stirrup  nearest  to  mid-span.  In  these  cases  there  were  distinct 
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marks  of  rubbing  between  the  reinforcement  and  the  stirrup.  Six  beams 
failed  at  the  first  major  inclined  crack  in  the  shear  span  at  a  distance 
ranging  from  2  to  9-5/8  inches  from  mid-span. 

In  34  of  the  36  beams  containing  No.  8  bars,  the  fractures 
originated  at  the  base  of  a  transverse  lug  at  a  point  near  the  bottom 
of  the  bar.  In  the  remaining  two  beams,  failure  appeared  to  have 
originated  at  the  base  of  a  transverse  lug,  where  the  lug  merged  into 
the  longitudinal  rib.  It  should  be  noted  that  the  longitudinal  ribs 
were  in  the  horizontal  plane  in  all  beams. 

With  three  exceptions  the  fractures  in  the  18  beams  containing 
No.  5  bars  originated  along  the  base  of  transverse  lug  at  a  point  near 
the  bottom  of  the  bar.  In  two  beams,  the  fracture  started  at  the  bottom 
of  the  bar  midway  between  two  transverse  lugs,  while  in  the  third  the 
crack  appeared  to  have  started  at  the  intersection  of  the  longitudinal 
and  transverse  lugs. 

Of  the  18  beams  containing  No.  10  bars  in  series  10-12,  seven 
beams  failed  due  to  bar  fractures  which  initiated  at  the  intersection 
of  transverse  and  longitudinal  lugs.  In  the  remaining  eleven  beams,  the 
fracture  started  at  the  base  of  a  lug  near  the  bottom  of  the  bar. 

The  details  of  the  fractures  in  the  reinforcing  bars  in  all 
test  series  have  been  summarized  in  TABLE  A-2.  FIGURES  4.2(a),  (b)  and 
(c)  respectively  show  typical  failures  due  to  cracks  which  started  at 
the  base  of  a  lug  at  the  bottom  of  the  bar,  midway  between  the  bottom 
and  rib,  and  at  the  intersection  of  lugs.  On  removal  of  the  bars  from 
beam  8-50-9  and  10-50-6  fatigue  cracks  were  observed  along  the  base  of 
the  lug  adjacent  to  the  one  at  which  the  final  fracture  occurred.  These 
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cracks  have  been  shown  in  FIGURE  4.3.  In  the  whole  investigation  no 
definite  trend  of  fracture  along  the  steeper  side  of  the  lug  was  observed. 

4.1.2  Presentation  of  Test  Data  for  Reinforced  Concrete  Beams 

The  computed  bar  stresses  and  the  number  of  load  cycles  ap¬ 
plied  to  the  beam  specimens  are  presented  in  TABLE  A-3  for  the  12  test 
series.  The  test  results  have  been  plotted  on  S-N  curves  in  FIGURES  4.4 
to  4.7.  Each  of  these  figures  presents  and  compares  the  S-N  curves  for 
the  three  grades  of  steel  in  each  bar  size.  The  lines  in  these  curves 
were  fitted  by  observation.  The  fatigue  strengths  at  five  million  cycles 
obtained  from  these  curves  are  listed  in  TABLE  4.1. 

The  maximum  stresses  corresponding  to  a  complete  reversal 
stress  cycle  (mean  stress  =  0)  have  been  estimated  for  No.  8  bars  using 
the  Goodman  Diagrams  presented  in  section  5.1  of  this  report  and  are 
summarized  in  column  8  of  TABLE  4.1.  The  corresponding  stresses  listed 
for  the  No.  5  and  No.  10  bars  were  also  obtained  from  Goodman  Diagrams 
drawn  with  straight-line  envelopes. 

4.2  Presentation  of  Test  Data  for  Rotating  Beam  Tests 

The  data  for  rotating  beam  series  A,  B  and  C  for  plain  speci¬ 
mens  and  D,  E  and  F  for  filleted  specimens  is  listed  in  TABLE  A-4.  The 
stresses  reported  in  this  table  were  calculated  from  the  diameter  and 
applied  moment  assuming  a  linear  distribution  of  stresses  across  the 
section  of  minimum  diameter.  The  effects  of  stress  concentrations  at 
the  root  of  the  fillet  were  not  considered  in  this  computation.  The 
theoretical  stress  concentration  factor  (K^)  for  the  notched  specimens 
was  1.85  ignoring  the  effect  of  tool  marks  at  the  base  of  the  fillet. 
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The  test  data  is  shown  on  S-N  diagrams  in  FIGURES  4.8  and  4.9 
for  plain  and  filleted  specimens  respectively.  Each  of  these  figures 
presents  and  compares  the  S-N  curves  for  the  three  grades  of  steel .  The 
curves  in  these  figures  were  fitted  to  the  data  by  observation.  In  the 
case  of  specimens  which  were  retested,  the  strengths  were  discounted  by 
five  percent  for  each  retest  to  account  for  the  coaxing  effect  when 
drawing  the  lines.  The  fatigue  strength  at  five  million  cycles  for  the 
plain  and  filleted  specimens  was  obtained  from  FIGURES  4.8  and  4.9  and 
is  summarized  in  TABLE  4.2. 

Two  standard  rotating  beam  specimens  of  each  grade  of  steel 
were  tested  in  tension.  The  shape  of  the  specimens  made  it  impossible 
to  accurately  determine  any  property  except  the  ultimate  tensile  strength, 
which  is  recorded  in  column  (4)  of  TABLE  4.2. 

The  data  for  the  filleted  specimens  shows  a  great  deal  of 
scatter.  Part  of  this  may  be  due  to  tool  marks  on  specimens  at  the 
transition  between  the  fillet  and  the  one-quarter  inch  diameter  part 
of  the  bar.  FIGURE  4.10  shows  an  enlargement  of  this  portion  of  two 
specimens.  The  tool  marks  can  be  seen  in  both  photographs  and  a  fatigue 
crack  can  be  seen  in  one  specimen.  For  this  reason,  this  data  has  not 
been  considered  in  the  discussion  of  the  tests  presented  in  Chapter  V. 

4.3  Hardness  Test  Results  and  Metal lographic  Observations 

The  test  data  from  the  Vickers  Pyramid  Hardness  (V.P.H.)  tests 
is  summarized  in  FIGURE  4.11  for  the  A  15,  A  432  and  A  431  No,  8  bars. 
Eleven  hardness  tests  were  carried  out  on  each  bar  at  uniformly  spaced 
points  along  two  perpendicular  diameters.  From  a  standard  hardness 
conversion  chart  the  equivalent  tensile  strengths  of  the  three  bars 
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were  found  to  be:  A  1 5  -  85  to  101  ksi  with  an  average  value  of  92  ksi , 

A  432  -  110  to  125  ksi  with  an  average  value  of  119  ksi,  and  A  431  - 
105  to  135  ksi  with  an  average  value  of  125  ksi.  The  average  strengths 
determined  in  this  way  agree  very  well  with  the  tensile  strengths  deter¬ 
mined  from  tensile  tests  on  the  rotating  beam  specimens  as  listed  in 
TABLE  4.2.  None  of  the  hardness  tests  were  made  in  the  decarburized 
surface  layer. 

The  macroscopic  observations  on  the  etched  bar  cross-sections 
of  A  15,  A  432  and  A  431  steel  are  shown  in  FIGURE  4.12.  The  non-uniformity 
of  the  metal  structure  in  the  bar  cross-section  may  be  seen  from  these 
metallographs.  The  A  15  and  A  431  bars  showed  evidence  of  segregation 
in  the  ingot.  This  effect  might  lead  to  variable  fatigue  properties 
of  the  metal  in  the  bar  cross-section.  The  A  15  bar  also  showed  an 
appreciable  amount  of  unhomogeneous  metal  structure  in  the  center  of 
the  bar.  This  effect  might  have  been  responsible  for  a  large  scatter 
in  test  results  for  the  A  15  plain  rotating  beam  specimens.  The  A  432 
bar  showed  some  black  spots  in  the  center  of  the  bar  cross-section, 
which  on  microscopic  examination  were  found  to  be  phosphorus  and  carbon 
rich  zones.  The  chemical  analysis  provided  by  the  manufacturer  further 
confirmed  this  inference,  since  the  A  432  bars  had  higher  percentage  of 
phosphorus  present  than  either  the  A  15  or  A  431  bars  (TABLE  3.1). 

The  general  macro-structure  of  the  metal  in  three  steels  can 
be  seen  in  FIGURE  4.13.  These  metallographs  were  taken  on  the  longi¬ 
tudinal  etched  sections  of  the  bars.  The  non-homogeneous  ingotized 
structure  in  the  A  15  bar  is  shown  by  the  wide  banding  near  the  center 
of  the  bar.  Phosphorus  segregation  in  A  432  bar  is  indicated  by  the 
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longitudinal  white  lines  in  this  photograph.  A  few  ghost-like  bands  due 
to  phosphorus  concentrations  can  be  seen  in  the  center  of  the  A  431  bar 
but  these  tend  to  disappear  as  one  moves  toward  the  surface. 

The  micro-structure  of  the  bar  metal  in  the  central  core  of 
the  bars  is  shown  in  FIGURE  4.14  and  that  at  the  surface  near  the  base 
of  a  lug  is  shown  in  FIGURE  4.15.  The  A  15  steel  had  a  banded  or  wrought 
structure  in  the  central  core  which  essentially  disappeared  as  the  out¬ 
side  of  the  bar  is  approached.  The  A  431  steel  had  a  higher  carbon  con¬ 
tent  and  had  a  finer  grain  structure  than  the  other  two  steels. 

The  zone  of  decarburization  at  the  surface  of  all  the  three 
bars  is  visible  in  FIGURE  4.15,  the  depths  of  penetration  of  this  zone 
is  evident  from  the  white  finer  grain  structure  at  the  boundary.  The 
presence  of  this  zone  may  significantly  lower  the  fatigue  strength  of 
the  reinforcing  bars  since  the  decarburized  zone  is  largely  made  up  of 
low-strength  ferrite  crystals.  The  decarburization  zone  seems  to  be 
thinner  in  the  A  432  bars  than  in  the  others.  An  oxidized  layer  is  also 
visible  on  all  three  bars  in  FIGURE  4.15.  In  no  case  were  cracks  ob¬ 
served  in  the  surface  of  the  bars. 

The  microscopic  inclusions  in  the  bar  samples  are  shown  in 
FIGURE  4.16.  These  metal lographs  were  taken  on  un-etched  specimens  at 
100  magnification.  The  metal lographs  show  longitudinal  discontinuous 
inclusions  which  were  primarily  carbon.  The  intensity  of  the  inclusions  • 
seems  to  be  uniform  in  all  the  steels.  These  inclusions  when  compared 
to  standard  ASTM  charts,  may  be  classified  as  C+  (background  classifi¬ 
cation).  The  inclusions  present  are  not  excessive,  and  their  influence 
on  fatigue  strength  may  not  be  significant  since  they  are  oriented  in 


the  direction  of  stress. 
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*From  Modified  Goodman  Diagrams  assuming  straight-line  envelopes. 
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FIGURE  4.1  TYPICAL  CRACK  PATTERN  IN  BEAM  SPECIMEN 

AFTER  FAILURE  . 
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(a)  FRACTURE  STARTI NG  AT  BOTTOM  OF  BAR 
ALONG  LUG, BEAM  10-50-4 


(b)  FRACTURE  STARTING  BETWEEN  BOTTOM  AND 
SIDE  OF  BAR  ALONG  TRANSVERSE  LUG, BEAM 
10-60-6 


(c)  FRACTURE  STARTING  AT  INTERSECTION  OF  LUG 
AND  RIB, BEAM  10-75-5 

FIGURE  4.2  TYPICAL  FRACTURE  SURFACES 
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FIGURE  4.3  FATIGUE  CRACKS  AND  FATIGUE  FAILURE  OF  BARS. 
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FIGURE  4.8  S-N  CURVES  FOR  PLAIN  ROTATING  BEAM  SPECIMENS 
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FIGURE  4.9  S-N  CURVES  FOR  FILLETED  ROTATING  BEAM  SPECIMENS 
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FIGURE  4.10 


PROFILE  AT  BASE  OF  FILLET  IN  ROTATING  BEAM 
SPECIMENS. 
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FIGURE  4.11  VICKER  PYRAMI D  HARDNESS  VALVES  NO.  8  BARS 
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FIGURE  4-12  MACRO-STRUCTURE  OF  NO.  8  REINFORCING  BARS. 
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FIGURE  4.13  MACRO-STRUCTURE  OF  NO. 8  REINFORCING  BARS 
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FIGURE  4.14  MICRO-STRUCTURE  OF  LONGITUDINAL  SECTIONS  OF  No. 

REINFORCING  BARS. 
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FIGURE  4-16  N0N-METAL1C  INCLUSIONS  IN  LONGITUDINAL  SECTIONS 

NO.  8  REINFORCING  BARS. 
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CHAPTER  V 


DISCUSSION  OF  TEST  RESULTS 

The  test  series  presented  in  this  report  considered  three 
main  variables;  the  bar  diameter,  the  grade  of  steel  in  the  bar  and  the 
minimum  stress  level  used  in  the  tests.  In  addition,  the  deformations 
differed  in  height  and  base  radius  although  the  deformation  pattern 
was  similar  in  all  the  bars  tested.  Each  of  these  variables  will  be 
discussed  in  this  chapter.  The  implications  of  the  metal lographical 
observations  will  also  be  discussed  briefly. 

5.1  Effect  of  Minimum  Stress 

The  fatigue  strength  of  metals  at  various  minimum  stress  levels 
is  related  to  the  type  of  metal  and  the  applied  stress  function.  The 
fatigue  test  data  of  ferrous  metals  under  direct  and  bending  stresses, 
when  plotted  on  an  R-M  diagram  as  shown  in  FIGURE  2.10,  generally  fall 
between  the  Gerbers  parabola  and  Modified  Goodman  line  as  discussed  in 
Section  2.2.5.  The  test  results  from  hot-rolled  deformed  reinforcing 
bars  tend  to  fall  along  the  Modified  Goodman  line  as  shown  in  FIGURES 
2.12  to  2.15  while  the  data  from  tests  of  cold  worked  deformed  bars 
agrees  more  closely  to  the  Gerber  parabola  as  illustrated  in  FIGURE 
2.16.  In  general,  for  reinforcing  bars  the  stress  range  correspondi ng 
to  any  given  fatigue  life  decreases  with  an  increase  in  the  minimum 
stress  of  the  cycle.  This  effect  seemed  to  be  more  pronounced  for  hot 

rolled  steels  than  for  cold  worked  steels. 

The  limiting  stress  range  of  No.  8  bars  at  a  minimum  stress 
of  0.1  f  and  0.4  f  can  be  compared  using  the  Modified  Goodman  Diagram 
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shown  in  FIGURES  5.1  to  5.3.  These  figures  are  plotted  for  stress  cycles 
corresponding  to  the  fatigue  strength  at  five  million  cycles  as  deter¬ 
mined  from  the  S-N  curves  in  FIGURES  4.4  and  4.5.  In  a  Goodman  Diagram 
the  average  stresses  in  the  cycles  are  plotted  horizontally  and  the 
maximum  and  minimum  stresses  in  the  cycles  are  plotted  vertically.  The 
envelopes  to  the  test  data  in  FIGURES  5.1  to  5.3  can  be  represented  with 
straight  lines.  The  stress  ranges  reported  in  column  8  of  TABLE  4.1 
were  obtained  from  these  and  similar  Goodman  Diagrams. 

These  test  diagrams  suggest  that  the  test  data  for  different 
grades  of  hot  rolled  reinforcing  bars  tested  at  various  minimum  stress 
levels  may  be  approximated  by  the  Modified  Goodman  Law.  Although  this 
conclusion  differs  from  that  reached  by  several  other  investigators  (15, 
17,28),  it  is  supported  by  Goodman  Diagrams  such  as  those  in  FIGURES  2.12 
to  2.15  for  data  from  other  investigations  of  hot  rolled  reinforcing 
bars  (28,34).  For  cold  worked  reinforcing  bars  there  is  evidence  that 
this  conclusion  is  not  valid  (see  FIGURE  2.16). 

5.2  Effect  of  Yield  and  Ultimate  Strength 

The  effect  of  yield  and  ultimate  strength  on  fatigue  strength 
of  reinforcing  bars  may  be  discussed  from  two  points  of  view.  First, 
it  is  possible  to  consider  the  effect  of  the  grade  of  steel  on  the  fa¬ 
tigue  strength  of  the  metal  in  the  bar  and  then,  by  means  of  the  study 
of  the  effective  stress  concentration  produced  due  to  deformations  and 
bar  size  effect,  to  combine  these  effects  to  determine  the  fatigue 
strength  of  reinforcing  bars.  Second,  it  is  possible  to  compare  the 
fatigue  strength  of  two  reinforcing  bars  of  different  grade  but  having 
identical  deformations,  bar  size  and  used  in  beams  of  similar  cross- 
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FIG.  5.1  MODIFIED  GOODMAN  DIAGRAM 

FOR  NO  8  ASTM  A 15  BARS 
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section. 

The  first  approach,  though  rational  and  theoretically  appli¬ 
cable  to  any  type  of  plain  or  deformed  bar,  requires  a  knowledge  of 
the  effect  of  various  individual  parameters  on  the  fatigue  strength  of 
reinforcing  bars.  The  quantitative  isolation  of  the  effect  of  each 
parameter  is  difficult  and  has  not  yet  been  investigated  for  rein¬ 
forcing  bars.  On  the  basis  of  published  stress  concentration  factors 
and  similar  data,  an  attempt  is  made  in  Section  5.4  to  explain  the 
test  data  from  this  investigation.  In  this  analysis  it  has  not  been 
possible  to  account  for  the  effect  of  the  decarburized  zone  at  the 
surface  of  the  bar,  however,  and  possibly  for  this  reason  the  calcu¬ 
lated  values  do  not  agree  with  tests. 

The  second  approach  has  been  adopted  in  most  previous  investi¬ 
gations  (28,31,34,40)  of  the  fatigue  strength  of  reinforcing  bars  due 
to  its  simplicity  and  due  to  the  lack  of  information  about  the  factors 
necessary  to  use  the  more  rational  approach.  The  conclusions  from 
previous  investigations  differ  on  the  effect  of  grade  of  steel  on  the 
fatigue  strength  of  reinforcing  bars;  some  found  an  insignificant  in¬ 
fluence  (28,34,40),  whereas  others  (31,34)  observed  an  appreciable  in¬ 
crease  in  the  fatigue  strength  with  an  increase  in  strength  of  steel. 
However,  the  various  test  programs  differed  with  respect  to  deformation 
details,  bar  size  and  bar  manufacturing  process.  Thus,  the  conclusions 
derived  for  one  deformation  pattern  and  bar  size,  though  true  for  a 
particular  set  of  parameters,  may  not  apply  to  another  set  of  variables, 
since  the  fatigue  response  of  a  bar  should  change  with  the  grade  of  steel 
(see  section  2.3.4),  the  defo rm at ion  pattern  (2.3.5)  and  the  bar  size 

(2.3.6). 
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The  fatigue  strength  of  plain  standard  rotating  beam  specimens 
cut  from  No.  8  bars  tested  in  this  investigation  increased  almost  line¬ 
arly  with  the  increase  in  the  strength  of  the  steel,  as  shown  in 
FIGURES  5.4  (a)  and  (b).  In  these  tests,  the  metal  in  the  center  of 
the  bars  could  resist  fatigue  stresses  ranging  from  51  to  55  percent 
of  the  tensile  strength  of  the  bars.  This  indicates  that  the  metal 
in  the  higher  grade  steel  bars  has  the  ability  to  resist  higher  fa¬ 
tigue  stresses  and  the  fatigue  strength  at  complete  reversal  is  about 
50  percent  of  the  tensile  strength  of  the  metal.  It  should  be  noted 
in  this  respect  that  the  rotating  beam  specimens  were  cut  from  the  center 
of  the  bars  and  the  hardness  and  metal lographical  observations  revealed 
that  the  metal  properties  were  not  uniform  across  the  bar  cross-sections. 

In  contrast  to  plain  rotating  beam  specimens,  the  fatigue 
strength  of  reinforcing  bars  in  reinforced  concrete  beam  tests  was 
found  almost  constant  for  eight  out  of  nine  bars  investigated  as  shown 
in  TABLE  4.1  and  FIGURE  5.4.  The  exception  was  the  A  431  No.  5  bar  which 
showed  an  increase  of  about  15  percent  in  the  stress  range  at  0.1  f 
minimum  stress  as  compared  to  A  15  and  A  432  steel  bars  of  the  same  size. 
On  further  examination  it  was  found  that  the  ratio  of  the  radius  at  the 
base  of  the  deformations  to  the  height  of  the  lugs  was  about  three  times 
than  that  for  the  A  15  and  A  432  steel  bars.  This  will  be  discussed 
more  fully  in  section  5.4. 

The  variation  in  fatigue  strength  plotted  in  FIGURES  5.4(a)  and 

(b)  may  be  affected  by  at  least  four  factors. 

1  The  yield  strength  or  ultimate  tensils  strength  of  the  bars. 

2.  The  surface  condition  of  the  bars.  The  two  dashed  lines  in 


r  awrDei  3rL  ~  'i  c  de  i  j;  t  bi‘uo"  Zh  1  f  •■-  T-ri  tC 

.2*tf  99J2  S  ;>  i\  16  c  i-  *  ^ 6fi T  '  •  f 

I 

T!  .  0  •.?  !  Zl  9*  !  J  Cull  [  o  rt  ?  .  T 

n  j  -n  b9fl26  i  ".-  I  a  9»U  no i .  br  >  v  $ 


102 


each  figure  refer  to  specimens  having  machined  surfaces. 

The  top  curve  represents  specimens  that  were  relatively  free 
of  stress  concentrations.  The  three  solid  lines  refer  to 
bars  having  a  rolled  surface  with  deformations  and  varying 
degrees  of  oxide  coating  and  decarburization. 

3.  The  size  of  the  bars.  The  two  dashed  lines  represent  speci¬ 
mens  1/4  inch  in  diameter  at  the  section  of  failure.  The 
diameter  of  reinforcing  bar  specimens  plotted  with  the  solid 
lines  was  5/8,  1  and  1-1/4  inches,  respectively  from  top  to 
bottom. 

4.  The  type  of  loading  cycle.  The  two  types  of  specimen  shown 
with  dashed  lines  were  tested  in  completely  reversed  bending 
cycles  while  the  other  specimens  were  tested  in  cycles  vary¬ 
ing  from  a  minimum  to  maximum  tension  which  was  almost  axially 
appl ied. 

FIGURES  5.4  (a)  and  (b)  suggest  that  for  practical  purposes  the 
fatigue  strength  of  the  deformed  bars  investigated  was  between  17.5  and 
20  ksi  for  completely  reversed  stress  cycles,  regardless  of  the  size  or 
strength  of  the  bar. 

FIGURES  5.5  (a)  and  (b)  compares  the  test  results  of  this  in¬ 
vestigation  with  the  available  test  data  on  deformed  bars  (28,31,33,34,40). 
In  plotting  these  figures,  Goodman  Diagrams  were  used  to  adjust  all  data 
to  a  stress  cycle  with  minimum  stress  egual  to  zero.  The  Alberta  tests 
are  shown  by  the  solid  lines  in  these  figures.  In  general  it  may  be  con¬ 
cluded  that  the  ratio  of  fatigue  strength  to  yield  or  tensile  strength 
decreases  with  an  increase  in  the  yield  or  tensile  strength  of  deformed 
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FIGURE  5  4  EFFECT  OF  YIELD  AND  TENSILE  STRENGTH  ON 

FATIGUE  STRENGTH  -  ALBERTA  TESTS. 
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FIGURE  5.5(a)  THE  EFFECT  OF  TENSILE  STRENGTH  ON  FATIGUE 

STRENGTH  OF  REINFORCING  BARS 
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5.3  Effect  of  Bar  Diameter 

The  effect  of  size  on  the  fatigue  strength  of  machined  steel 
specimens  was  reviewed  in  section  2.2.2.  In  general,  the  size  of  the 
specimens  affected  the  fatigue  strength  of  small  specimens  and  specimens 
with  significant  stress  gradients  due  to  notching  or  flexural  loading. 
However,  as  shown  in  FIGURE  2.3  the  size  effect  dies  out  for  specimens 
comparable  in  size  to  most  reinforcing  bars. 

In  reinforced  concrete  beams  the  overall  stress  gradient  in 
the  reinforcing  bar  depends  on  the  diameter  of  the  bar  and  the  stress 
gradient  in  the  beam.  In  most  cases  the  tensile  reinforcing  bars  in 
concrete  beams  approach  a  state  of  direct  tensile  stress,  with  only  a 
small  stress  gradient  across  the  diameter  of  the  bar.  Local  stress 
gradients  are  present,  however,  due  to  the  stress  concentration  caused 
by  the  deformations.  Since  the  size  effect  in  fatigue  is  related  to 
the  applied  stress  function,  the  conclusions  drawn  from  rotating  beam 
tests  are  not  directly  applicable  to  reinforcing  bars  in  concrete  beams. 
On  the  other  hand,  tests  on  plain  and  notched  specimens  under  reversed 
direct  stress  may  be  comparable  to  the  stress  patterns  developed  in 
reinforcing  bars  in  concrete  beams.  Under  reversed  direct  stress  the 
size  effect  is  negligible  for  plain  specimens  but  there  is  a  small  size 
effect  for  notched  specimens  as  shown  in  FIGURE  2.3.  The  effect  of  size 
on  fatigue  strength  of  notched  specimens  increases  with  an  increase  in 
stress  concentration  and  grade  of  steel .  The  effect  of  diameter  on  the 
fatigue  strength  of  reinforcing  bars  will  be  examined  in  the  framework 
of  these  general  conclusions. 

For  hot  rolled  reinforcing  bars  of  identical  manufacturing 
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process  and  geometrical ly  similar  deformations,  tested  in  air,  Wascheidt 
(34)  reports  that  bars  equivalent  to  No.  8  bars  had  5  to  10  percent  lower 
fatigue  strength  than  those  equivalent  to  No.  5  bars.  These  tests  were 
in  agreement  with  the  observations  made  on  multi -rib  TOR-STAHL  by  several 
investigators  in  Germany. 

Recent  tests  in  Japan  (40)  on  hot  rolled  deformed  reinforcing 
bars  suggest  a  small  decrease  in  fatigue  strength  with  an  increase  in 
bar  size  for  both  plain  and  deformed  bars.  These  tests  were  conducted 
on  reinforced  concrete  beams  containing  bars  having  diameters  equivalent 
to  No.  6  and  No.  8  bars.  The  bars  of  both  sizes  were  manufactured  using 
the  same  manufacturing  process  and  had  similar  deformations. 

The  findings  reported  by  Wascheidt  (34)  and  by  Kokubu  and 
Okamura  (40)  are  summarized  in  FIGURE  5.6  for  comparison  with  the  Alberta 
test  data.  The  fatigue  strengths  of  the  deformed  bars  plotted  in  this 
figure  show  a  reduction  with  an  increase  in  the  bar  diameter  or  cross- 
sectional  area.  This  effect  seemed  to  be  more  pronounced  for  higher 
strength  bars  in  the  Alberta  tests  but  the  opposite  trend  was  observed 
in  Wascheidt 's  (34)  tests  as  shown  in  the  following  table. 


TABLE  5.1 


Test  Series 

Nominal  Yield 
Strength 
(ksi ) 

Ratio  of  Fatigue  Strength  to 
Fatigue  Strength  of  No.  8  Bars 

No.  5 

No.  6 

No.  8 

No.  1 

A1 berta 

50 

1.00 

-- 

1.00 

0.99 

A1 berta 

60 

1  .06 

— 

1.00 

0.95 

Alberta 

75 

1.28 

— 

1.00 

0.935 

Wascheidt 

50 

1.23 

-- 

1.00 

— 

Wascheidt 

60 

1.08 

— 

1.00 

— 

Kokubu  and 

50 

— 

1.05 

1.00 

— 

Okamura 

60 

— 

1.05 

1.00 
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In  tests  of  notched  machined  specimens,  it  was  seen  that  the 
notch  sensitivity  increased  with  an  increase  in  the  strength  of  the  steel 
or  the  size  of  the  specimen  (Art  2.2.2).  These  two  factors,  taken  to¬ 
gether  would  suggest  that  the  size  effect  should  be  more  pronounced  in 
high  strength  bars  as  observed  in  the  Alberta  tests.  On  the  other  hand, 
if  the  decarburized  zone  has  a  similar  strength  in  all  three  grades  of 
steel  this  would  not  be  true. 

5.4  Effect  of  Deformation  Pattern 

The  literature  on  the  effect  of  deformation  patterns  on  the 
fatigue  strength  of  reinforcing  bars  is  reviewed  in  section  2.3.5.  In 
general,  three  main  variables  are  discussed: 

1.  The  effect  of  the  ratio  of  lug  base  radius  to  the  lug  height 
(2. 3. 5.1). 

2.  The  effect  of  the  angle  between  the  lugs  and  the  axis  of 
the  bar  (2. 3. 5. 2) . 

3.  The  effect  of  the  intersection  between  longitudinal  and 
transverse  lugs  (2. 3. 5. 3). 

This  discussion  will  be  limited  to  the  first  of  these  three 
since  the  other  two  were  not  variables  in  the  Alberta  tests. 

FIGURE  5.7  shows  the  influence  of  lug  base  radii  on  the  fatigue 
strength  of  reinforcing  bars.  The  test  data  of  several  test  reports 
(28,39,40)  have  been  used,  after  the  data  was  adjusted  to  correspond  to 
a  complete  reversal  stress  cycle  using  a  modified  Goodman  Diagram  with 
a  straight  line  envelope.  The  dashed  lines  approximate  the  zones  con¬ 
taining  the  data  for  bars  having  nominal  yield  strengths  of  50,  60  and 
75  ksi .  Two  important  conclusions  can  be  drawn  from  the  test  data.  First, 
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the  fatigue  strength  of  the  reinforcing  bars  appears  to  decrease  with  a 
decrease  in  the  ratio  of  the  lug  base  radius  to  the  lug  height.  Second, 
the  data  for  bars  with  higher  yield  strengths  falls  below  that  for  lower 
yield  strengths.  The  latter  observation  is  in  line  with  the  lower  ratio 
of  fatigue  strength  to  ultimate  strength  as  the  yield  or  tensile  strength 
is  increased. 

5.5  Effect  of  Stress  Concentrations  and  Decarburization 

The  "theoretical 11  fatigue  strength  was  computed  for  nine  types 
of  deformed  bars  tested  in  this  project  as  outlined  in  TABLES  5.2  and 
5.3.  These  computations  were  based  on: 

1.  The  theoretical  stress  concentration  factor,  K^,  at  the  base 
of  a  projecting  notch  (38).  This  is  determined  in  TABLE  5.2. 
The  calculations  were  based  on  FIGURE  2.5  and  similar  graphs. 

2.  The  notch  sensitivity  factor,  q,  for  the  steels  considered 
(10)  given  in  column  (5)  of  TABLE  5.3.  The  values  given  were 
based  on  the  average  strength  of  the  material  in  the  bar  rather 
than  the  strength  of  the  decarburized  surface  layer.  In 
addition,  the  graph  for  q  was  based  on  a  fillet  or  notch 
rather  than  for  projecting  notches. 

3.  The  fatigue  strength  of  the  metal  in  the  bars  as  outlined 
from  the  tests  of  the  plain  rotating  beam  specimens. 

In  every  case  measured  fatigue  strength  was  less  than  the 
theoretical  strength  from  such  a  computation.  For  the  No.  5  bars  the 
measured  fatigue  strength  was  about  55  percent  of  the  calculated  fatigue 
strength  for  the  three  grades.  For  the  other  two  sizes  the  measured 
fatigue  strengths  ranged  from  about  55  percent  of  the  calculated  fatigue 
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TABLE  5.2 

CALCULATION  OF  THEORETICAL  STRESS  CONCENTRATION 
FACTORS  FOR  REINFORCING  BARS  (Kt) 


Bar 

Size 

Grade  of 
Steel 

r/w 

h/w 

e 

Kt 

A  15 

0.176 

0.59 

56° 

1 .86 

No. 

5 

A  432 

0.175 

0.69 

56° 

1.86 

A  431 

0.284 

0.39 

o 

C\J 

*3- 

1.62 

A  15 

0.167 

0.54 

41° 

1 .81 

No. 

8 

A  432 

0.133 

0.54 

45° 

1.91 

A  431 

0.182 

0.54 

43° 

1.79 

A  15 

0.188 

0.45 

44° 

1.76 

No. 

10 

A  432 

0.170 

0.45 

43° 

1.79 

A  431 

0.127 

0.49 

45° 

1.90 
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strength  for  the  three  grades.  For  the  other  two  sizes  the  measured 
fatigue  strengths  ranged  from  about  55  percent  of  the  calculated  fatigue 
strength  for  A  15  bars  down  to  about  40  percent  for  A  431  bars. 

One  possible  explanation  of  this  phenomenon  is  that  the  metal 
on  the  outside  of  the  bars  where  the  fatigue  cracks  started  was  weaker 
than  that  in  the  interior  of  the  bars  due  to  decarburization  of  the 
surface  of  the  ingot  and  billet.  A  number  of  investigators  have  re¬ 
ported  that  when  the  surface  of  steel  specimens  is  decarburized  their 
fatigue  strength  is  significantly  reduced  (1,2,3,7,12).  In  FIGURE  5.8, 
the  solid  points  correspond  to  test  data  for  machined  steel  specimens 
of  various  tensile  strengths  tested  in  reversed  bending.  The  open  circles 
in  this  Figure  represent  companion  tests  which  were  decarburized  after 
machining.  The  fatigue  strength  of  the  decarburized  specimens  correspond 
approximately  to  Eq.  (2.6)  derived  from  Munse's  Equation  for  the  fatigue 
strength  of  as-rolled  plates  (27). 

The  triangular  points  in  FIGURE  5.8  represent  the  complete 
reversal  fatigue  strengths  of  the  deformed  bars  tested  at  Alberta  from 
column  (8)  of  TABLE  5.3  multiplied  by  the  fatigue  stress  concentration 
factor,  Kf ,  from  column  (6)  of  this  table.  Thus,  they  approximately 
correspond  to  the  fatigue  strength  of  an  as-rolled  plate  of  the  same 
steel.  Equation  2.6  appears  to  form  a  lower  bound  to  the  reinforcing 
bar  fatigue  strengths  when  they  are  transformed  in  this  way. 

From  tests  of  machined  and  tempered  specimens  and  similar 
machined,  tempered  and  decarburized  specimens,  Jackson  and  Pochapsky  (7) 


concluded  that: 
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FIGURE  5.8  EFFECT  OF  DECARBURIZATION  ON  FATIGUE  STRENGTH 
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1.  The  core  hardness  of  fatigue-test  pieces  does  not  have  as 
large  an  influence  on  the  fatigue  strength  as  does  the  hard¬ 
ness  in  the  decarburized  skin. 

2.  The  fatigue  strength  of  decarburized  steels  is  primarily 
dependent  on  the  strength  of  the  ferrite  in  the  relatively 
"carbon-free"  decarburized  zone. 

A  decarburized  surface  layer  was  observed  in  the  metal lo- 
graphical  studies  of  all  three  grades  of  No.  8  bars  as  shown  in  FIGURE 
4.15.  Although  the  strengths  of  the  surface  layers  are  unknown,  they 
should  vary  between  about  40  ksi  if  no  carbon  is  present  (4),  up  to  the 
bar  strength  if  the  outer  layer  had  the  same  carbon  content  as  the  rest 
of  the  bar.  Taking  into  account  the  fatigue  stress-concentration  factor, 
K.p,  and  assuming  the  fatigue  strength  of  the  decarburized  layer  was  50 
percent  of  its  tensile  strength,  it  is  possible  to  compute  the  strength 
of  the  ferrite  layer  corresponding  to  the  observed  fatigue  strengths. 

Such  a  computation  indicates  that  the  decarburized  zone  had  to  have 
tensile  strengths  of  70  and  90  ksi,  respectively,  for  the  No.  5  A  432  and 
A  431  bars  and  a  tensile  strength  of  60  ±  3  ksi  for  the  other  seven  types 
of  bars.  Thus  the  apparent  strength  of  the  outer  layer  falls  within  the 
possible  zone  of  strengths  for  this  layer. 

If  this  hypothesis  is  accepted,  further  study  is  required  to 
explain  the  different  fatigue  strengths  observed  for  the  three  grades 
of  No.  5  bars.  Possible  explanations  could  be  that  the  decarburized  zone 
is  thinner  due  to  more  bar  being  rolled  out  of  the  billet  or  that  the 
surface  layer  has  been  hardened  by  more  rolling,  possibly  at  cooler 

temperatures . 
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CHAPTER  VI 


CONCLUSIONS 

Over  the  past  half  century,  fatigue  strength  has  been  accepted 
as  a  distinct  mechanical  property  of  the  metal,  since  a  direct  corre¬ 
lation  of  fatigue  strength  with  other  mechanical  properties  such  as  yield 
or  tensile  strength,  hardness  and  ductility  has  been  found  to  be  uncertain. 
Therefore,  the  fatigue  strength  and  its  variation  with  other  parameters 
must  be  determined  experimental ly .  On  the  basis  of  the  limited  number 
of  experimental  results,  the  following  conclusions  may  be  drawn  from  this 
investigation . 

1.  The  limiting  stress  range  of  the  stress  cycle  is  influenced 
by  the  minimum  stress  level  of  the  cycle.  The  test  data  on 
hot  rolled  reinforcing  bars  tested  at  various  minimum  stress 
levels  may  be  approximated  by  the  Modified  Goodman  Law.  For 
this  reason  the  allowable  stresses  in  hot  rolled  reinforcing 
bars  subjected  to  cyclic  loads  should  not  be  based  on  a 
constant  limiting  stress  range  as  recommended  by  previous 
investigators  (11,  20,  26). 

2.  The  fatigue  strength  of  the  deformed  reinforcing  bars  was 
found  to  be  appreciably  lower  than  that  of  the  bar  metal. 

The  application  of  the  stress  concentration  theory  does  not 
adequately  explain  this  difference. 

3.  The  fatigue  test  data  for  Nos.  5,  8  and  10  bars  conforming 
to  ASTM  A  15,  A  432  and  A  431  indicates  that  the  fatigue 
strength  of  deformed  bars  is  relatively  insensitive  to  the 
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yield  or  tensile  strength  of  the  metal. 

4.  There  is  a  small  decrease  in  the  fatigue  strength  with  an 
increase  in  the  diameter  of  the  bar.  This  effect  increases 
with  the  increase  in  the  strength  of  steel. 

The  large  disparity  between  the  fatigue  strengths  of  the 
machined  rotating  beams  specimens  and  the  reinforcing  bars  could  not  be 
explained  on  the  basis  of  stress  concentration  theory.  This  may  be  the 
result  of  the  different  surface  condition  of  the  two  types  of  specimens. 
The  decarburization  and  oxidation  layer  present  on  the  surface  of  deformed 
bars  probably  have  a  significant  influence  on  the  fatigue  strength  of  the 
deformed  reinforcing  bars.  This  aspect  of  the  problem  requires  further 
investigation. 

Other  areas  which  warrant  investigation  are  the  effects  of 
residual  stresses  and  the  effect  of  the  environment,  the  latter  may  be¬ 
come  more  significant  in  the  case  of  high  strength  steels. 
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TABLE  A-l 


REINFORCED 

CONCRETE 

BEAM  DATA 

★ 

Beam  Number 

Age  at 
Testing 

Days 

Beam 

Width 

Inches 

Dimensions 

Effective 

Depth 

Inches 

Concrete 
Strength 
at  Testing 
psi 

SERIES  1 

8-50-1 

31 

12.20 

12.48 

5,120 

8-50-2 

32 

11.94 

12.12 

5,370 

8-50-3 

29 

12.10 

12.59 

5,370 

8-50-4 

31 

12.19 

12.57 

5,145 

8-50-6 

32 

12.08 

12.78 

5,855 

SERIES  2 

8-60-1 

50 

12.12 

12.55 

4,960 

8-60-2 

57 

12.10 

12.48 

5,405 

8-60-3 

54 

12.05 

12.57 

5,400 

8-60-4 

57 

11.88 

12.62 

5,025 

8-60-5 

58 

12.19 

12.63 

5,640 

8-60-6 

65 

11.85 

12.71 

5,160 

8-60-11 

76 

12.00 

12.65 

4,845 

8-60-12 

69 

12.12 

12.67 

4,945 

8-60-12 

69 

12.12 

12.67 

4,945 

SERIES  3 

8-75-1 

53 

12.15 

12.59 

4,465 

8-75-2 

54 

11.82 

12.68 

4,665 

8-75-3 

70 

12.12 

12.68 

5,030 

Vhe  numerals  in  the  beam  number  refer  to  the  bar  size,  the  nominal 
yield  strength  and  the  number  of  the  beams  in  the  senes,  respectively. 
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TABLE  A-l  (Continued) 


•k 

Beam  Number 

Age  at 
Testing 

Days 

Beam 

Width 

Inches 

Dimensions 

Effective 

Depth 

Inches 

Concrete 
Strength 
at  Testing 
psi 

8-75-4 

67 

12.10 

12.64 

5,300 

8-75-5 

82 

12.06 

12.60 

4,960 

8-75-6 

83 

12.14 

12.65 

4,410 

SERIES  4 

8-50-7 

126 

12.12 

12.67 

5,435 

8-50-8 

133 

12.12 

12.70 

5,315 

8-50-9 

143 

12.06 

12.68 

4,535 

8-50-10 

153 

12.12 

12.73 

4,940 

8-50-11 

200 

12.18 

12.67 

5,245 

8-50-12 

207 

12.10 

12.60 

5,070 

SERIES  5 

8-60-7 

125 

12.12 

12.76 

5,280 

8-60-8 

134 

12.06 

12.74 

5,260 

8-60-9 

139 

12.12 

12.74 

4,945 

8-60-10 

161 

12.00 

12.68 

5,210 

8-60-13 

150 

12.12 

12.49 

4,775 

8-60-14 

180 

12.00 

12.55 

4,720 

SERIES  6 

8-75-7 

103 

12.05 

12.68 

3,725 

8-75-8 

113 

12.12 

12.64 

3,715 

8-75-9 

122 

12.00 

12.70 

4,385 

8-75-10 

147 

12.12 

12.82 

5,080 
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TABLE  A-l  (Continued) 


•k 

Beam  Number 

Age  at 
Testing 

Days 

Beam 

Width 

Inches 

Dimensions 

Effecti ve 
Depth 

Inches 

Concrete 
Strength 
at  Testing 
psi 

8-75-11 

151 

12.12 

12.70 

4,230 

8-75-12 

167 

11.94 

12.68 

4,357 

SERIES  7 

5-50-1 

195 

7.50 

8.82 

4,750 

5-50-2 

198 

7.50 

8.95 

4,860 

5-50-3 

191 

7.50 

8.90 

5,260 

5-50-4 

204 

7.50 

8.78 

5,185 

5-50-5 

196 

7.44 

8.94 

4,840 

5-50-6 

202 

7.50 

9.00 

4,775 

SERIES  8 

5-60-1 

174 

7.50 

9.20 

5,890 

5-60-2 

203 

7.44 

8.86 

5,885 

5-60-3 

198 

7.45 

8.99 

4,120 

5-60-4 

218 

7.44 

9.06 

4,030 

5-60-5 

215 

7.50 

8.85 

4,170 

5-60-6 

216 

7.44 

9.00 

4,050 

SERIES  9 

5-75-1 

212 

7.44 

8.98 

4,125 

5-75-2 

230 

7.45 

8.97 

4,100 

5-75-3 

225 

7.45 

8.87 

5,885 

5-75-4 

241 

7.45 

8.93 

5,470 

5-75-5 

235 

7.44 

9.09 

4,550 

5-75-6 

240 

7.47 

9.02 

4,480 
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TABLE  A-l  (Continued) 


★ 

Beam  Number 

Age  at 
Testing 

Days 

Beam 

Width 

Inches 

Dimensions 

Effective 

Depth 

Inches 

Concrete 
Strength 
at  Testing 
psi 

SERIES  10 

10-50-1 

312 

15.62 

15.71 

4,750 

10-50-2 

319 

15.38 

15.86 

5,100 

10-50-3 

326 

15.50 

15.80 

5,300 

10-50-4 

348 

15.50 

15.61 

5,080 

10-50-5 

356 

15.44 

15.77 

5,020 

10-50-6 

369 

15.50 

15.82 

4,880 

SERIES  11 

10-60-1 

293 

15.50 

15.81 

5,600 

10-60-2 

302 

15.50 

15.35 

5,700 

10-60-3 

316 

15.50 

15.84 

4,200 

10-60-4 

340 

15.62 

15.56 

4,100 

10-60-5 

341 

15.68 

15.48 

4,110 

10-60-6 

365 

15.44 

15.80 

4,175 

SERIES  12 

10-75-1 

277 

15.44 

15.68 

5,400 

10-75-2 

297 

15.48 

15.76 

4,190 

10-75-3 

304 

15.44 

15.60 

5,860 

10-75-4 

324 

15.50 

15.74 

6,050 

10-75-5 

337 

15.50 

15.58 

4,760 

10-75-6 

349 

15.50 

15.72 

4,580 
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TABLE  A-3 


RESULTS 

OF  FATIGUE 

TESTS  ON  REINFORCED 

i  CONCRETE 

BEAMS 

Beam  Number 

Maximum 

Stress 

psi 

Minimum 

Stress 

psi 

Range  of 
Stress 
psi 

Number  of 
Cycles 

SERIES  1 

8-50-1 

43,650 

5,270 

38,380 

457,700 

8-50-2 

38,480 

5,160 

33,310 

730,400 

8-50-3 

35,900 

5,210 

30,690 

2,005,600 

8-50-4 

36,050 

5,230 

30,820 

1  ,837,000 

8-50-5 

36,080 

5,180 

30,900 

10,234,000* 

8-50-6 

36,700 

5,160 

31  ,540 

1  ,074,200 

8-50-11 

36,210 

5,210 

31  ,000 

577,400 

SERIES  2 

8-60-1 

38,850 

6,920 

32,000 

1  ,078,300 

8-60-2 

38,040 

6,900 

31  ,140 

1  ,595,600 

8-60-3 

37,000 

6,880 

30,120 

1  ,745,600 

8-60-4 

36,550 

6,880 

29,670 

690,600 

8-60-5 

36,420 

6,860 

29,560 

9,607,000* 

8-60-6 

38,900 

6,850 

32,050 

1  ,270,000 

8-60-11 

37,600 

6,760 

30,840 

978,000 

8-60-12 

38,400 

6,760 

31 ,640 

499,300 

8-60-1  OR 

41  ,920 

6,950 

34,970 

684,300 

*Did  not  fai 1 . 

**The  letter  R 
not  fail  when 

in  the  beam  number  refers  to  a 
tested  previously. 

retest  of 

a  beam  which  did 
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TABLE 

A-3  (Continued) 

Beam  Number 

Maximum 

Stress 

psi 

Minimum 

Stress 

psi 

Range  of 
Stress 
psi 

Number  of 
Cycles 

SERIES  3 

8-75-1 

39,250 

8,500 

30,750 

782,300 

8-75-2 

37,900 

8,310 

29,590 

10,400,900 

8-75-3 

38,650 

8,280 

30,370 

2,725,900 

8-75-4 

38,900 

8,260 

30,640 

9,000,000* 

8-75-5 

40,500 

8,440 

32,060 

5,000,000* 

8-75-6 

42,200 

8,240 

33,960 

1  ,172  ,500 

SERIES  4 

8-50-7 

47,250 

20,930 

26,320 

1  ,134,600 

8-50-8 

50,050 

21  ,100 

28,950 

777,000 

8-50-9 

46,800 

21  ,270 

25,530 

5,000,000* 

8-50-10 

45,850 

21 ,400 

24,450 

5,000,000* 

8-50-12 

46,780 

21  ,080 

25,700 

5,000,000* 

8-50-9R 

52,900 

21  ,270 

31  ,630 

282,200 

8-50-1  OR 

58,200 

21  ,400 

26,800 

207,300 

8-50-1 2R 

50,980 

21 ,080 

29,900 

525,600 

SERIES  5 

8-60-7 

55,100 

27,800 

27,300 

2,856,400 

8-60-8 

58,000 

28,000 

30,000 

541  ,300 

8-60-9 

54,750 

28,220 

26,530 

1  ,463,900 

8-60-10 

53,750 

28,400 

25,350 

5,000,000* 

8-60-13 

54,980 

28,600 

26,380 

4,703,700 

8-60-14 

53,240 

27,840 

25,400 

5,000,000* 

8-60-1 4R 

60,040 

27,840 

32,200 

322,400 
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TABLE  A-3  (Continued) 


** 

Beam  Number 

Maximum 

Stress 

psi 

Minimum 

Stress 

psi 

Range  of 
Stress 
psi 

Number  of 
Cycles 

SERIES  6 

8-75-7 

61 ,300 

33,800 

27,500 

3,341 ,300 

8-75-9 

64,240 

34,000 

30,240 

1  ,240,500 

8-75-9 

61  ,000 

34,300 

26,700 

5,000,000* 

5-75-10 

60,150 

34,550 

25,600 

1  ,133,700 

8-75-11 

60,300 

34,650 

25,650 

234,900 

8-75-12 

59,100 

34,700 

24,400 

4,903,000 

8-75-9R 

69,850 

34,300 

35,550 

381 ,400 

SERIES  7 

5-50-1 

43,480 

6,080 

37,400 

331 ,600 

5-50-2 

40,150 

5,900 

34,250 

882,100 

5-50-3 

36,820 

5,720 

31  ,100 

5,000,000* 

5-50-3R 

49,840 

5,540 

44,300 

124,400 

5-50-4 

38,010 

5,360 

32,650 

852,800 

5-50-5 

37,080 

5,180 

31 ,900 

1  ,056,000 

5-50-6 

36,100 

5,000 

31 ,100 

979,200 

SERIES  8 

5-60-1 

39,275 

6,575 

32,700 

908,300 

5-60-2 

35,175 

6,575 

28,600 

5,000,000* 

5-60-2R 

41 ,875 

6,575 

37,300 

2,058,800 

5-60-3 

38,075 

6,575 

31  ,500 

5,000,000* 

5-60-3R 

46,775 

6,575 

40,200 

311 ,500 

5-60-4 

40,975 

6,575 

34,400 

598,700 
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TABLE 

A-3  (Continued) 

** 

Beam  Number 

Maximum 

Stress 

psi 

Minimum 

Stress 

psi 

Range  of 
Stress 
psi 

Number  of 
Cycles 

5-60-5 

38,675 

6,575 

32,100 

1  ,335,500 

5-60-6 

38,175 

6,575 

31  ,600 

5,000,000* 

5-60-6R 

42,175 

6,575 

35,600 

569,500 

SERIES  9 

5-75-1 

42,140 

8,940 

33,200 

5,000,000* 

5-75-1 R 

53,340 

8,940 

44,400 

521 ,400 

5-75-2 

43,740 

8,940 

34,800 

5,000,000* 

5-75-2R 

50,140 

8,940 

41  ,200 

882,100 

5-75-3 

46,740 

8,940 

37,800 

2,788,000 

5-75-4 

46,140 

8,940 

37,200 

2,263,400 

5-75-5 

45,040 

8,940 

36,100 

5,000,000* 

5-75-5R 

51 ,540 

8,940 

42,600 

342,100 

5-75-6 

46,740 

8,940 

37,800 

5,000,000* 

5-75-6R 

48,540 

8,940 

39,600 

1  ,260,300 

SERIES  10 

10-50-1 

38,000 

4,970 

33,030 

630,000 

10-50-2 

34,940 

4,970 

29,970 

1  ,803,600 

10-50-3 

33,340 

4,970 

28,370 

5,000,000* 

1 0-50-3R 

40,340 

4,970 

35,370 

460,900 

10-50-4 

34,970 

4,970 

30,000 

5,000,000* 

10-50-4R 

40,970 

4,970 

36,000 

781 ,800 

10-50-5 

36  ,970 

4,970 

32,000 

1  ,296,300 

10-50-6 

35,270 

4,970 

30,300 

5,000,000* 

1 0-50-6R 

39,970 

4,970 

35,000 

919,700 
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TABLE  A-3  (Continued) 


Beam  Number 

Maximum 

Stress 

psi 

Minimum 

Stress 

psi 

Range  of 
Stress 
psi 

Number  of 
Cycl es 

SERIES  11 

10-60-1 

36,800 

6,420 

30,380 

1  ,361  ,700 

10-60-2 

35,400 

6,420 

28,980 

4,750,000 

10-60-3 

35,400 

6,420 

28,980 

750,700 

10-60-4 

35,420 

6,420 

29,000 

2,669,900 

10-60-5 

34,420 

6,420 

28,000 

5,000,000* 

1 0-60-5R 

41  ,420 

6,420 

35,000 

504,200 

10-60-6 

35,170 

6,420 

28,750 

3,225,900 

SERIES  12 

10-75-1 

39,680 

8,300 

31  ,380 

742,100 

10-75-2 

38,080 

8,300 

29,780 

538,100 

10-75-3 

37,800 

8,300 

29,000 

5,000,000* 

1 0-75-3R 

41  ,800 

8,300 

33,500 

565,800 

10-75-4 

38,300 

8,300 

30,000 

558,900 

10-75-5 

38,300 

8,300 

30,000 

2,029,400 

10-75-6 

38,800 

8,300 

29,500 

1  ,327,300 
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TABLE  A-4 

RESULTS  OF 

ROTATING  BEAM 

FATIGUE 

TESTS 

Un-notched  Specimens  Machined  from 

No.  8  Bars 

Mark 

Nominal  Range 
Stress* 
psi 

of 

No.  of  Cycles 

SERIES  A 

U-50-1 

54,800 

11  ,632,700** 

U -50-1 R 

67,800 

16,421  ,200** 

U-50-1 RR 

84,800 

19,642,400** 

U-50-1 RRR 

106,000 

116,300 

U-50-2 

84,800 

11  ,672,200** 

U-50-2R 

95,400 

1  ,813,500 

U-50-3 

89  ,000 

17,598,400** 

U-50-3R 

93,200 

20,165,400** 

U-50-3RR 

97,400 

20,821 ,300** 

U-50-3RRR 

113,000 

41  ,900 

U-50-4 

95,400 

943,300 

U - 50- 5 

93,200 

1  ,262,000 

U-50-6 

92,500 

1  ,046,200 

U-50-7 

100,000 

2,004,700 

U-50-8 

92,500 

1  ,562,700 

U-50-9 

91  ,000 

20,000,000** 

U-50-9R 

99,000 

11  ,476,300** 

U-50-9RR 

102,500 

659,200 

U-50-1 0 

99,000 

1  ,604,600 

♦Computed  for  minimum  diameter  ignoring  stress  concentrations. 
**Specimen  did  not  fail. 

***Counter  jammed  at  999,900. 
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TABLE  A-4  (Continued) 


Mark 

Nominal  Range  of 
Stress* 
psi 

No.  of  Cycles 

SERIES  B 

U -60- 1 

115,000 

359,700 

U-60-2 

110,000 

20,000,000** 

U-60-2R 

120,000 

16,254,300** 

U-60-2RR 

130,000 

220,900 

U-60-3 

120,000 

377,600 

U-60-4 

116,000 

542,600 

U-60-5 

112,500 

20,460,000** 

U-60-5R 

125,000 

413,100 

U-60-6 

113,750 

607,700 

U-60-7 

112,500 

(999,900)*** 

U-60-8 

112,500 

601 ,500 

U-60-9 

111  ,000 

20,000,000** 

U-60-10 

114,000 

20,000,000** 

U-60-1 OR 

126,000 

326,300 

SERIES  C 

U-75-1 

110,600 

17,360,800** 

U-75-1R 

130,000 

18,372,400** 

U-75-1 RR 

150,000 

119,400 

U-75-2 

135,000 

17,475,400** 

U-75-3 

142,500 

666,800 

U-75-4 

140,000 

2,571  ,400 

U- 75-5 

137,500 

2,313,000 

U - 7  5-6 

130,000 

19,565,100** 
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TABLE  A-4  (Continued) 


Mark 

Nominal  Range  of 
Stress* 
psi 

No.  of  Cycles 

U-75-6R 

145,000 

1  ,257,300 

U-75-7 

137,500 

2,500,400 

U-75-8 

136,000 

16,362,400** 

U-75-8R 

147,500 

366,100 

U-75-9 

137,000 

17,175,400** 

U-75-9R 

146,000 

262,200 

U-75-10 

139,000 

2,380,200 

SERIES  D 

F -50- 1 

62,000 

572,700 

F-50-2 

58,000 

946,800 

F-50-3 

54,000 

15,000,000** 

F-50-3R 

60,000 

1  ,764,500 

F-50-4 

56,000 

15,000,000** 

F-50-4R 

64,000 

1  ,357,600 

F- 50- 5 

58,000 

3,923,000 

F-50-6 

57,000 

1  ,132,300 

F - 50-7 

57,000 

10,000,000** 

F-50-7R 

70,000 

942,000 

F-50-8 

58,000 

3,213,300 

F - 50-9 

65,000 

1  ,425,300 

SERIES  E 

F-60-1 

60,000 

15,000,000** 

F -60-1 R 

70,000 

15,000,000** 

3*1  ■  ■' 
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TABLE  A-4  (Continued) 


Mark 

Nominal  Range  of 
Stress* 
psi 

No.  of  Cycles 

F - 60-1 RR 

80,000 

490,000 

F-60-2 

75,000 

640,000 

F-60-3 

70,000 

1  ,108,500 

F-60-4 

65,000 

10,000,000** 

F-60-4R 

74,000 

20,000,000** 

F-60-4RR 

80,000 

1  ,932,900 

F-60-5 

72,000 

10,000,000** 

F-60-5R 

78,000 

10,000,000** 

F-60-5RR 

84,000 

10,000,000** 

F-60-5RRR 

90,000 

1  ,122,300 

F-60-6 

80,000 

1  ,150,900 

F - 60-7 

74,000 

2,648,800 

F-60-8 

72,000 

10,000,000** 

F-60-8R 

86,000 

246,400 

F-60-9 

73,000 

754,100 

F-60-10 

77,500 

10,000,000** 

F - 60-1  OR 

85,000 

10,000,000** 

F-60-1 ORR 

94,000 

242,500 

F- 60- 1 1 

82,500 

450,600 

F-60-1 2 

77,500 

913,600 

SERIES  F 

F-75-1 

90,000 

10,000,000** 

F-75-1R 

99,800 

806,400 

.  noC  :  .U  :V. 
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TABLE  A-4  (Continued) 


Mark 

Nominal  Range  of 
Stress* 
psi 

No.  of  Cycles 

F-75-2 

95,000 

1  ,206,400 

F-75-3 

91  ,200 

10,000,000** 

F-75-3R 

110,000 

9,473,700 

F-75-4 

95,000 

10,000,000** 

F-75-4R 

112,000 

1  ,663,300 

F- 75- 5 

104,500 

433,100 

F-75-6 

100,000 

10,000,000** 

F-75-6R 

110,000 

10,000,000** 

F-75-6RR 

117,000 

10,000,000** 

F-75-6RRR 

125,000 

542,300 

F-75-7 

117,000 

542,300 

F-75-8 

110,000 

740,000 

F-75-9 

104,500 

612,600 

F-75-10 

100,000 

274,200 

F-75-11 

97,500 

595,800 

F-75-12 

96,000 

906,300 
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APPENDIX  B 

DESIGN  CHARTS  FOR  THE  EFFECT  OF  DEAD  LOAD 
TO  LIVE  LOAD  RATIO  ON  FATIGUE  STRENGTH 
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APPENDIX  B 

DESIGN  CHARTS  FOR  THE  EFFECT  OF 
DEAD  LOAD  TO  LIVE  LOAD  RATIO  ON 
FATIGUE  STRENGTH 

The  fatigue  test  data  on  hot  rolled  reinforcing  bars  presented 
in  section  5.1  suggest  that  the  stress  ranges  at  varying  minimum  stress 
levels  may  be  approximated  by  Eq.  (B.l),  which  has  been  derived  from 
the  modified  Goodman  Law. 


1  +  3 


(B.l) 


where  a  =  stress  range 
r 

3  =  ratio  of  the  dead  load  stresses  to  the  live  load 

stresses 

0  =  stress  range  corresponding  to  a  cycle  having  a  minimum 

stress  of  zero. 

f  =  ultimate  tensile  strength  of  the  metal, 
u 

In  Eq.  (B.l)  the  stress  range  (af)  has  been  expressed  in  terms 
of  3,  rather  than  the  minimum  stress  in  the  cycle,  since  in  this  way  it 
is  not  necessary  to  check  the  maximum  stress  of  the  cycle.  Equation  (B.l) 
has  been  plotted  in  non-dimensional  form  in  FIGURE  (B.4)  for  values  of  B 
ranging  from  0  to  1.0.  This  figure  facilitates  finding  the  stress  range 
corresponding  to  any  value  of  B  for  a  stress  cycle  with  zero  minimum  stress 
given  stress  range  at  minimum  stress  of  zero.  The  values  of  minimum  stress 
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and  maximum  stress  may  be  calculated  from  Eqs.  (B.2)  and  (B.3). 


(B.  2) 


a 


max 


=  (1  +  3)  a 


r 


(B.3) 


The  test  findings  suggest  that  the  allowable  fatigue  stresses 


in  hot  rolled  deformed  reinforcing  bars  should  not  be  based  on  constant 
limiting  stress  range,  as  recommended  by  previous  investigators  (11,20, 
26),  because  this  design  criterion  may  not  be  justified  for  a  variety  of 
reinforced  concrete  structures  under  fatigue  loads.  In  these  structures 
the  ratio  of  dead  load  stresses  to  live  load  stresses  vary  considerably, 

1 

which  may  influence  the  fatigue  strength  of  reinforcing  bars. 

For  design  purposes  the  allowable  fatigue  stresses  for  hot 
rolled  reinforcing  bars  may  be  specified  at  zero  dead  load  or  any  suitable 
ratio  of  dead  load  stresses  to  live  load  stresses.  This  permissible 
stress  may  further  be  modified  by  using  Eq.  (B.l)  or  FIGURE  (B.4)  for 
actual  ratio  of  dead  load  stresses  to  live  load  stresses  in  ordinary 
reinforced  concrete  structures. 
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